©x  mm 


wwriww 


THE  UNIVERSITY  OF  ALBERTA 


RELEASE  FORM 


NAME  OF  AUTHOR  .  .  .  *?.  . 

TITLE  OF  THESIS  Larval  Development  and  Metamorphosis 

of  Sahellaria  cementarium  Moore 
(Polychaeta:  Sabellariidae ) 

DEGREE  FOR  WHICH  THESIS  WAS  PRESENTED  . 

YEAR  THIS  DEGREE  GRANTED  . . 


Permission  is  hereby  granted  to  THE  UNIVERSITY 
OF  ALBERTA  LIBRARY  to  reproduce  single  copies  of 
this  thesis  and  to  lend  or  sell  such  copies  for 
private,  scholarly  or  scientific  research  purposes 
only . 

The  author  reserves  other  publication  rights, 
and  neither  the  thesis  nor  extensive  extracts  from 
it  may  be  printed  or  otherwise  reproduced  without 
the  author's  written  permission. 


THE  UNIVERSITY  OF  ALBERTA 


Larval  Development  and  Metamorphosis 
of  Sabellaria  cementarium  Moore 
(Polychaeta:  Sabellariidae ) 


Peter  Richard  Smith 


A  THESIS 

SUBMITTED  TO  THE  FACULTY  OF  GRADUATE  STUDIES  AND  RESEARCH 
IN  PARTIAL  FULFILMENT  OF  THE  REQUIREMENTS  FOR  THE  DEGREE 

OF  MASTER  OF  SCIENCE 


DEPARTMENT  OF  ZOOLOGY 


EDMONTON,  ALBERTA 
FALL,  1981 


THE  UNIVERSITY  OF  ALBERTA 


FACULTY  OF  GRADUATE  STUDIES  AND  RESEARCH 


The  undersigned  certify  that  they  have  read,  and 
recommend  to  the  Faculty  of  Graduate  Studies  and  Research, 
for  acceptance,  a  thesis  entitled  "Larval  Development  and 
Metamorphosis  of  Sabellaria  cementarium  Moore 
(Polychaeta:  Sabellariidae ) "  submitted  by  Peter  Richard 
Smith  in  partial  fulfilment  of  the  requirements  for  the 
degree  of  Master  of  Science. 


ABSTRACT 


A  laboratory  study  of  the  larval  development  and 
metamorphosis  of  the  polychaete  Sabellaria  cementarium  was 
carried  out.  At  10-l4°C  development  proceeds  as  follows: 

23  hours,  early  trochophore  with  prototroch  and  apical  tuft; 
65  hours,  1  pair  of  provisional  setae;  3*5  days,  feeding 
trochophore;  18  days,  metatrochophore ;  4  weeks,  metatro- 
chophore  with  tentacle  buds;  5-6  weeks,  nectochaeta  compe¬ 
tent  to  metamorphose;  6-8  weeks,  settlement  and  metamorpho¬ 
sis.  Defensive,  feeding  and  settling  behaviors  are 
described . 

Tube  sand  of  adult  S .  cementarium,  Phragmatopoma 
lapidosa,  and  Idanthrysus  ornamentatus  and  beach  sand 
induced  settlement  and  metamorphosis.  The  larvae  exhibit 
a  low  degree  of  substrate  specificity  in  their  settlement 
but  sand  is  essential. 

Larval  development  was  arbitrarily  divided  into  10 
stages  and  histological  examination  was  made  of  each  of 
these  to  study  the  organogenesis  and  histogenesis  of  the 
plankto trophic  larvae.  The  structures  examined  were:  body 
wall,  muscle  system,  coelom,  alimentary  tract,  nervous 
system,  circulatory  system,  gland  cells  and  larval  tenta¬ 
cles. 

Metamorphosis  involves  a  loss  of  provisional  setae, 
anterior  rotation  of  tentacles  and  opercular  cirri,  and 
reduction  of  the  episphere.  Following  these  changes,  the 
juvenile  builds  a  mucoid  tube  to  which  sand  grains  are 
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cemented.  Histological  changes  during  metamorphosis  were 
examined  in  one,  two,  and  three  day  post-settled  juveniles. 
The  structures  examined  were:  body  wall,  muscle  system, 
coelom,  alimentary  tract,  nervous  system  and  gland  cells. 
The  major  histological  changes  are  atrophy  of  the  proto- 
trochal  cells,  discharge  of  epispheral  and  pygidial  mucoid 
glands,  discharge  of  parathoracic  glands  which  form  the 
mucoid  tube,  formation  of  head  coelom,  enlargement  of 
cerebral  ganglion,  formation  of  optic  ganglia,  histolysis 
of  setal  sac -esophageal  muscle  complex,  and  hypertrophy 
and  dissociation  of  stomach  cells. 

Metamorphosis  is  considered  complete  when  the  caudal 
appendage  is  formed,  7-10  days  post-settlement.  By  38  days 
post-settlement,  the  juvenile  has  3  pairs  of  tentacles, 
larval  pigmentation  has  been  lost  and  a  second  parathoracic 
segment  has  formed.  Within  the  opercular  crown,  the  settl¬ 
ing  paleae  have  been  replaced  by  the  primary  opercular 
paleae . 
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INTRODUCTION 


The  Sahellariidae  is  a  relatively  small  family  of 
sedentary  polychaetes  consisting  of  only  7  genera  and 
6l  species  (Fauchald,  1977).  The  sabellariids  are  reef 
builders  and  most  are  found  on  hard  substrates  from  the 
intertidal  to  slope  depths.  The  characteristics  which 
describe  the  family  are  given  by  Fauchald  (1977)  as  follows: 

"Tubiculous  polychaetes  with  the  body  in  three 
regions;  posterior  region  an  asetigerous  anal 
tube.  Prostomium  a  narrow  ridge  fused  laterally 
to  the  first  setiger.  Setae  of  the  first 
setiger  forming  an  operculum  with  setae  in  one 
to  three  rows.  Thorax  with  two  rudimentary 
segments  and  three  or  four  parathoracic  se tigers. 

Median  region  with  notopodial  pectinate  uncini 
and  ventral  capillary  setae". 

The  characteristics  of  the  anterior  region  of  the  sabellariids 
are  shown  in  Figures  1  and  2. 

There  have  been  numerous  published  accounts  of  early 
development  in  the  family  Sabeliariidae  (Horst,  1881;  Drasche, 
1885;  Novikoff,  1937.  1938;  Caullery,  1914;  Winesdorfer, 

1967).  The  complete  larval  development  through  settlement 
and  metamorphosis  has  been  described  in  three  species  from 
Europe:  Sabellaria  alveolata  (Wilson,  1929.  1968a, b,  1970a; 
Cazaux,  1964),  S.  spinulosa  (Wilson,  1929.  1970b),  and 
Lygdamis  muratus  (Wilson,  1977;  Bhaud,  1969.  1975) ;  three 
species  from  the  Atlantic  coast  of  North  America: 

Sabellaria  vulgaris  (Curtis,  1973.  1978;  Eckelbarger,  1975). 

S.  floridensis  (Eckelbarger ,  1977)  and  Phragmatopoma  lapidosa 
(Eckelbarger ,  1976;  Eckelbarger  and  Chia,  1976);  two 
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species  from  China:  S.  ishikawi  (Wu  and  Ruiping,  1979) 
and  L.  giardi  (Wu  and  Ruiping,  1979);  a  single  species  from 
California:  P.  calif ornica  (Dales,  1952;  Eckelbarger,  1977); 
and  a  single  species  from  the  Indian  ocean:  L.  indicus 
(Bhaud,  1975). 

Sabellariids  have,  in  general,  indirect  development 
with  pelagic,  planktotrophic  larvae.  The  duration  of  plank¬ 
tonic  life  may  range  from  14-30  days  as  in  P.  lapidosa 
(Eckelbarger,  1976)  to  over  32  weeks  as  in  S.  alveolata 
(Wilson,  1970a).  The  larvae  of  sabellariids  are  seasonally 
abundant  in  the  nearshore  plankton  in  many  parts  of  the 
world  (Bhaud,  1972;  Curtis,  1973 >  1978;  Eckelbarger,  1976; 
Wilson,  1929)  and  they  are  also  found  among  the  teleplanic 
larvae  of  the  open  ocean  (Scheltema,  1971). 

Sabellariid  larvae  have  played  an  important  role  in  the 
demonstration  that  marine  invertebrate  larvae  exhibit 
substrate  selectivity  in  their  settlement.  The  studies  by 
Wilson  ( 1968a, b,  1970a, b)  have  shown  that  sabellariid 
larvae  are  induced  to  settle  by  the  tube  cement  of  their 
own  species.  The  larvae  must  make  contact  with  the  inducing 
factor  in  the  cement,  an  insoluble  compound,  before  the 
metamorphic  response  is  elicited.  Eckelbarger  (1978) 
has  recently  published  a  review  of  settlement  and  meta¬ 
morphosis  in  the  Sabellariidae . 

Although  the  larval  development  and  metamorphosis  have 
received  considerable  attention,  only  the  studies  of 
Eckelbarger  (1978)  and  Eckelbarger  and  Chia  (1978)  on 
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P.  lapidosa  provide  histological  information.  Eckelbarger 
(1978)  gives  fine  structural  details  of  certain  features  of 
the  competent  larva,  primarily  the  ciliated  and  gland  cells 
and  Eckelbarger  and  Chia  (1978)  provide  a  fine  structural 
study  of  the  morphogenesis  of  the  larval  cuticle.  Therefore, 
we  have  no  knowledge  concerning  the  histogenesis  of  the 
plank to trophic  larvae  and  the  histological  changes  at 
metamorphosis . 

Within  the  Polychaeta,  there  have  been  numerous  studies 
dealing  with  the  external  features  of  larval  development 
and  metamorphosis  (reviewed  by  Schroeder  and  Hermans,  1975) 
which  have  provided  valuable  information  on  the  life- 
histories  of  polychaetes  and  the  diversity  of  the  develop¬ 
mental  patterns  and  larval  types. 

The  studies  of  larval  histogenesis  are  those  of 
Akesson  (1961,  1962,  1967a)  on  Pisione  remota,  a  pisionid 
with  plankto trophic  larvae,  Tomooteris  helgolandica,  a 
tomopterid  with  pelagic,  lecitho trophic  larvae,  and  Eunice 
kobiensis ,  a  eunicid  with  benthic  larvae;  Anderson  (1959) 
on  Scoloplos  armiger ,  an  orbinid  with  direct  development; 

Korn  (1958)  on  Harmo thoe  imbricata,  a  polynoid  with 
plankto trophic  larvae  which  are  brooded  until  the  late 
trochophore;  Potswald  ( 1 965 *  1978)  on  Spirorbis  morchi , 
a  spirorbid  with  brooded  lecithotrophic  larvae;  Segrove 
(1941)  on  Pomatoceros  triqueter ,  a  serpulid  with  plankto- 
trophic  larvae;  Wilson  (1932,  1936a)  on  Owenia  fusiformis , 


an  owenid  with  plankto trophic ,  mitraria  larvae  and 


Ji  u  .  o  ' 


,s 


4 


Branc hiomma  vesiculosum ,  a  sabellid  with  pelagic,  leci- 
thotrophic  larvae;  and  Woltreck  (1905)  on  the  endo-larva 
of  Polygordius ,  an  archiannelid.  The  histological  changes 

o 

at  metamorphosis  have  been  studied  in  P.  remota  (Akesson, 

1961),  _S.  more  hi  (Potswald,  1965>  1978),  P.  trique  ter 
(Segrove,  1941),  B.  vesiculosum  (Wilson,  1936a),  0.  fusi- 
f ormis  (Wilson,  1932),  Polygordius  (Woltreck,  1905)1  and 
Arenicola  cristata  (Marsden  and  Pawson,  1981).  Considering 
there  are  over  5»300  species  of  polychaetes,  our  knowledge 
concerning  the  histogenesis,  organogenesis,  and  histological 
changes  at  metamorphosis  is  very  limited,  particularly  in 
polychaetes  with  plankto trophic  larvae. 

Sabellaria  cementarium  was  first  described  by  Moore 
(1906)  from  Port  Townsend,  Washington.  In  conformance  with 
the  generic  characteristics  of  Sabellaria,  S.  cementarium 
has  the  operculum  composed  of  three  rows  of  paleae ,  the 
opercular  peduncles  are  short  and  fused,  and  the  middle 
opercular  paleae  are  pointed  distad  (Fauchald,  1977).  S. 
cementarium  is  distinguished  from  other  members  of  the  genus 
by  the  outer  opercular  paleae  which  terminate  in  a  flat  blade 
with  a  distal  spinose  arista  (Fig.  2A,B). 

The  distribution  of  S.  cementarium  is  from  Alaska  to 
Southern  California  and  east  to  Japan  (Hartman,  1944,  1969). 

It  is  found  both  intertidally  and  subtidally  to  shelf  depths 
on  rocky  bottoms  and  may  be  solitary  or  colonial,  often  forming 
reefs  (Hartman,  1944,  1969 ;  Smith  and  Carlton,  1975).  In 
the  waters  of  British  Columbia  and  Washington  it  is  found 
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subtidally  at  depths  of  16-40  fathoms.  The  tubes  occur  in 
small  aggregations  on  rocks  and  scallop  shells  of  the  genus 
Chlamys .  They  often  occur  sympatrically  within  the  same 
aggregations  with  the  only  other  sabellariid  of  this  region, 
Idanthrysus  ornamentatus  (Kozloff,  1974).  The  aggrega¬ 
tions  of  tubes  occupy  primary  space  within  the  benthic 
community  and  provide  a  substrate  for  epifaunal  organisms 
such  as  ectoprocts,  spirorbids,  and  serpulids.  The  hermit 
crab  Discorsopagurus  schmi tti  is  found  occupying  the 
empty  tubes  of  S.  cementarium  (Caine,  1 980 )  as  is  the 
polynoid  polychaete,  Lepidonotus  squmatus . 

The  only  previous  investigations  of  this  species  were 
that  of  Winesdorfer  (1967)  and  Strathmann  (197^)>  who 
described  briefly  the  early  larval  development. 

The  present  study  of  Sabellaria  cementarium  was 
undertaken  to  describe  the  larval  development  and 
metamorphosis  and  provide  detailed  information  on  the 
histogenesis,  organogenesis,  and  the  histological  changes 
at  metamorphosis  in  a  typical  plankto trophic  polychaete 
larva.  Moreover,  the  results  will  be  compared  with  what 
is  known  for  other  polychaete  larvae. 
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MATERIALS  AND  METHODS 


The  larval  development  of  Sabellaria  cementarium 
was  studied  in  the  summer  of  1979  and  again  in  the  spring 
and  summer  of  1980  at  Friday  Harbor  Laboratories, 
University  of  Washington,  Friday  Harbor,  Washington. 
Adults  were  collected  by  dredging  at  depths  of  30-32 
fathoms  in  Griffin  Bay,  San  Juan  Island,  Washington. 
Adults  were  maintained  in  the  laboratory  in  a  sea  table 
with  running  sea  water  at  10-l4°C.  Adults  were  able  to 
obtain  suspended  food  particles  directly  from  the  sea 
water  system  and  could  be  kept  indefinitely. 

Gametes  were  obtained  following  the  methods  of 
Winesdorfer  (1967),  Strathmann  ( 197*0  »  and  Eckelbarger 
(1975)*  Upon  removal  from  their  tubes,  males  and 
females  were  placed  in  individual  Pyrex  custard  cups 
containing  20  ml  of  Millepore  prefiltered  sea  water  where 
they  spawned.  The  eggs  were  collected  and  placed  in 
Pyrex  custard  cups  with  100  ml  of  prefiltered  sea  water. 
The  methods  of  sperm  activation  suggested  by  Winesdorfer 
(1967)  and  Strathmann  (197*0  were  not  attempted.  Active 
sperm  was  obtained  directly  from  the  males  and  several 
drops  of  sperm  suspension  were  added  to  the  eggs.  To 
avoid  polyspermy,  the  eggs  were  hand  centrifuged  and 
resuspended  in  prefiltered  sea  water  following  the 
addition  of  the  sperm.  The  resulting  cultures  each 
contained  eggs  from  several  females  which  had  been 
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fertilized  by  the  sperm  from  more  than  one  male.  Dishes 
containing  the  fertilized  eggs  were  maintained  in  the  sea 
table  at  10-l4°C. 

At  the  first  appearance  of  free  swimming  larvae ,  they 
were  transferred  into  1000  ml  beakers  containing  pre¬ 
filtered  sea  water.  Two  species  of  algae  were  added  to  the 
cultures  as  food.  They  were  Dunaliella  sp . ,  a  green  alga 
and  Isochrysis  sc. ,  a  golden  brown  alga  (both  were 
obtained  from  Carolina  Biological  Supply  Co.).  These  algae 
were  cultured  in  Alga-Gro  concentrate  media  (Carolina 
Biological  Supply  Co.)  under  continuous  illumination. 

Prior  to  the  addition  of  the  algae  to  the  larval  cultures, 
the  algae  were  hand  centrifuged  to  remove  the  culture  media. 
They  were  then  resuspended  in  prefiltered  sea  water.  The 
algal  cell  concentration  was  determined  using  a  haemo- 
cy tome  ter  and  added  to  the  larval  cultures  in  a  3 : i 

mixture  of  Dunaliella  and  Isochrysis  (Eckelbarger ,  1975) 

4 

to  give  a  final  concentration  of  10  algal  cells  per  ml. 
Larval  cultures  were  maintained  at  10-l4°C  in  a  sea  table. 

Eckelbarger  (1975)  has  shown  that  in  larval  cultures 
aerated  by  air  stones  the  larvae  will  grow  faster  and 
settle  earlier.  Aeration  of  the  cultures  was  attempted  in 
this  study,  however,  it  was  discontinued  because  aeration 
caused  an  increase  in  larval  mortality. 

Water  in  the  culture  dishes  was  changed  every  two  to 
three  days.  This  was  accomplished  by  siphoning  the 
culture  water  from  the  beakers  through  a  Nitex  mesh  sieve. 
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The  sieve  was  made  from  a  small  plastic  funnel  to  which 
Nitex  mesh  of  53  >um  pore  size  was  glued  to  the  mouth  and 
a  piece  of  Tygon  tubing  was  glued  to  the  spout  through 
which  the  water  was  siphoned  (L.  McEdward,  personal 
communication) .  The  larvae  were  poured  into  a  custard 
cup  which  was  placed  under  a  Wild  M-5  dissecting  microscope 
and  the  larvae  were  individually  pipetted  into  a  beaker  of 
prefiltered  sea  water  to  which  algae  had  been  added. 

Frequent  observations  were  made  to  determine  the 
chronology  of  early  development  from  the  time  of  fertili¬ 
zation.  Once  the  larvae  reached  the  late  trochophore 
stage,  observations  were  made  daily.  For  observations  and 
photographs,  the  larvae  were  placed  in  a  drop  of  water 
under  a  c overslip  supported  by  clay  feet  on  the  four 
corners.  The  water  was  slowly  removed  using  Bibulous 
paper  so  that  the  larvae  were  trapped  between  the  slide  and 
the  coverslip.  It  was  necessary  to  relax  the  later  stage 
larvae  using  isotonic  (7 •  5?°)  magnesium  chloride. 

Photographs  of  the  larvae  were  taken  on  a  Zeiss  compound 
microscope  equipped  with  Nomarski  differential  inter¬ 
ference  contrast  microscopy  and  bright  field  microscopy. 
Photographs  were  taken  on  either  Kodak  Pan-X  or  Kodak 
Plus-X  film.  Larvae  were  also  photographed  using  Koda- 
chrome  II  film  to  help  monitor  the  changes  in  larval 
pigmentation  patterns.  Measurements  were  made  using  an 
ocular  micrometer  on  either  a  Zeiss  compound  microscope 
or  a  Wild  M-5  dissecting  microscope. 
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Larval  specimens  for  one  micrometer  sections  were  not 
relaxed  prior  to  fixation.  They  were  initially  fixed  for 
one-half  hour  to  one  hour,  at  room  temperature,  in  a 
solution  of  2.5$  glutaraldehyde ,  0.2  M  phosphate  buffer 
(pH  =  7.6)  (Millonig,  1961)  and  0.3^  M  sodium  chloride 
(Dunlap,  1966;  Cloney  and  Florey,  1968).  The  specimens 
were  then  rinsed  at  room  temperature  in  three,  five  minute 
rinses  of  2.5$  sodium  bicarbonate  solution  (pH  =  7*2). 

They  were  post-fixed  for  one-half  hour  to  one  hour  at 
room  temperature  in  a  solution  of  2%  osmium  tetroxide  in 
1.2 5%  sodium  bicarbonate  (pH  =  7*2)  (Cloney  and  Florey, 
1968) .  After  fixation,  the  specimens  were  rinsed  in 
distilled  water  and  dehydrated  through  a  graded  series  of 
ethanols.  They  were  then  placed  in  two  changes  of 
propylene  oxide  and  embedded  in  LX-112  epoxy  resin  (Ladd 
Research  Industries)  following  the  method  of  Luft  (1961). 

One  micrometer  sections  were  cut  on  a  Porter-Blum 
Sorvall  MT-II  ultramicrotome  using  glass  knives.  The 
sections  were  heat  mounted  on  glass  slides  and  stained 
with  methylene  blue  and  azure  II  (Richardson  et  al . , 
i960).  To  prevent  wrinkling  of  the  sections,  the  slides 
were  dipped  in  a  mixture  of  gelatin  and  K  chrom-alum 
(V.  Martin,  personal  communication)  prior  to  mounting  the 
sections  on  the  slides.  Sections  were  photographed  on 
Kodak  Pan-X  film  using  a  Zeiss  photomicroscope  II,  or  a 
Wild  M-20  compound  microscope. 

To  determine  the  histological  changes  at  metamorpho- 
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sis,  competent  larvae  were  induced  to  metamorphose  using 
sand  from  the  tubes  of  adult  Sabellaria  cementarium.  One, 
two  and  three  day  post-settled  juveniles  were  fixed  using 
the  methods  described  above  for  one  micrometer  sections. 

Specimens  for  transmission  electron  microscopy  (TEM) 
were  fixed  and  embedded  using  the  methods  described  for 
one  micrometer  sections.  Sections  were  cut  on  a  Porter- 
Blum  Sorvall  MT-IIB  ultramicrotome  with  a  diamond  knife. 
Ribbons  of  silver-gold  interference  colors  were  mounted 
on  bare  copper  grids.  Sections  were  stained  with 
saturated  uranyl  acetate  (Watson,  1956)  and  lead  citrate 
(Reynolds,  1963).  Sections  were  examined  and  photographed 
on  either  a  Phillips  EM  200  or  EM  201  electron  microscope. 

For  histological  staining,  adult  specimens  were 
relaxed  in  isotonic  (7  •  5f°)  magnesium  chloride  and  fixed 
in  Bouin's  fluid.  They  were  cut  into  pieces,  dehydrated 
through  a  graded  series  of  ethanols  and  vacuum  embedded  in 
Paraplast  (melting  point,  56-57°C).  Serial  sections  were 
cut  at  7  tun  on  an  American  Optical  rotary  microtome.  The 
sections  were  stained  with  Harris'  haematoxylin  (Humason, 
1967)  and  precipitated  eosin.  The  sections  were 
photographed  on  a  Zeiss  photomicroscope  II  using  Kodak 
Pan-X  film. 

For  scanning  electron  microscopy  (SEM),  specimens 
were  relaxed  in  isotonic  {7 • 5%)  magnesium  chloride  in  sea 
water.  The  specimens  were  placed  in  modified  Beem 
capsules  to  which  53  tun  Nitex  mesh  had  been  placed  on  both 
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ends.  This  was  found  to  be  the  best  method  for  keeping  the 
specimens  clean.  Specimens  were  either  fixed  as  described 
above  for  one  micrometer  sections  or  they  were  fixed  for 
four  hours  at  room  temperature  in  a  solution  of  2 %  osmium 
tetroxide  in  1.25%  sodium  bicarbonate  (pH  =  7.2)  (Cloney 
and  Florey,  1968) .  After  fixation,  the  specimens  were 
rinsed  in  distilled  water  and  dehydrated  in  a  graded  series 
of  ethanols.  They  were  then  transferred  through  a  graded 
series  of  iso-amyl  acetate  and  critically  point-dried  for 
one  hour  in  a  Denton  CO^  critical  point  dryer.  The 
specimens  were  mounted  on  aluminum  stubs  and  sputter- coated 
with  gold.  They  were  then  viewed  and  photographed  on  a 
Cambridge  Stereoscan  150  electron  microscope  operating  at 
20  KV. 

An  experiment  testing  the  effects  of  different  types 
of  substrates  on  the  induction  of  metamorphosis  in  the 
competent  larvae  was  carried  out  in  the  laboratory.  The 
substrates  tested  were:  beach  sand  from  False  Bay,  San 
Juan  Island,  Washington  and  the  tubes  of  the  adult 
sabellariids  Idanthrysus  ornamentatus ,  Phragmatopoma 
lapidosa,  and  Sabellaria  cementarium.  The  beach  sand 
and  the  tubes  were  ground  up  using  a  mortar  and  pestle  and 
air  dried  for  at  least  three  weeks  prior  to  the  start  of  the 
experiment.  The  sand  from  the  sabellariid  tubes  included 
pieces  of  the  tube  cement.  A  control  consisting  of  only 
Millepore  prefiltered  sea  water  was  used.  The  different 
substrates  used  were  placed  in  Pyrex  custard  cups  with 
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100  ml  of  Millepore  prefiltered  sea  water  and  algal  cells 
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at  a  concentration  of  10  cells  per  ml.  Algae  were 

added  periodically  throughout  the  experiment.  Twenty-five 

larvae  that  had  the  morphological  characteristics  of 

competency  were  added  to  each  of  the  dishes  (thirty  larvae 

were  placed  in  the  dish  with  P.  lapidosa  sand) .  After 

eighteen  days  the  number  of  metamorphosed  juveniles  was 

recorded.  Throughout  the  experiment  frequent  observations 

were  made  to  characterize  the  searching  behavior  of  the 

competent  larvae.  At  the  end  of  the  experiment,  the  young 

juveniles  were  kept  in  the  dishes  to  record  their  changes 

in  morphology  with  age.  They  were  periodically  fed 

Dunaliella  and  Isochrysis  in  a  3 : 1  mixture  at  a  con- 

4 

centration  of  10  cells  per  ml. 
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RESULTS 


A.  LARVAL  DEVELOPMENT  AND  BEHAVIOR 

Ripe  Sabellaria  cementarium  of  both  sexes  can  be 
collected  throughout  the  year  from  Griffin  Bay,  San  Juan 
Island,  Washington,  by  dredging.  Not  all  worms  bear  viable 
gametes  as  one  often  finds  non-motile  sperm  in  the  males, 
oocytes  undergoing  disintegration  or  worms  that  have  already 
spawned.  S.  cementarium  is  a  polytelic  species,  however, 
it  appears  that  the  population  is  capable  of  producing 
viable  gametes  throughout  the  year  ( Winesdorf er ,  1967; 
personal  observations). 

The  game te- bearing  abdominal  segments  of  the  sexually 
mature  females  are  magenta  in  color,  while  those  of  the 
mature  males  are  cream-colored.  The  spawned  oocytes  range 
from  80-85  nm  in  diameter.  They  are  irregular  in  shape 
and  possess  a  prominent  germinal  vesicle.  Upon  exposure 
to  sea  water  for  several  minutes,  the  oocytes  round  up 
and  their  germinal  vesicles  break  down  (Fig.  3A) .  The 
nucleoli  are  dispersed  throughout  the  oocytes.  An  ellips¬ 
oid  vitelline  membrane  elevates  from  the  surface  of  the 
oocyte  and  prominent  cytoplasmic  filaments  are  seen  within 
the  perivitelline  space  extending  from  the  surface  of  the 
oocyte  to  the  vitelline  membrane.  The  changes  in  the 
oocytes  described  here  agree  with  those  described  by 
Winesdorfer  (1967)  for  S.  cementarium  and  by  Novikoff 
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(1937*  1939)  for  S.  vulgaris .  The  sperm  are  of  the 
primitive  type  as  defined  by  Franzen  (1956)  and  bear  an 
acrosome  5  long.  Their  tails  are  ca.  50  nm  in  length. 

Cleavage  is  spiral  and  holoblastic.  The  first  polar 
body  is  extruded  from  the  animal  pole  at  1.5  hours  post¬ 
fertilization,  followed  by  the  extrusion  of  the  second 
polar  body  at  2  hours  post-fertilization  (Fig.  3B) .  Just 
prior  to  the  extrusion  of  the  polar  bodies  there  is  a  clear¬ 
ing  in  the  cytoplasm  at  the  animal  pole.  At  first 
cleavage,  2.5  hours  post- fertilization,  a  polar  lobe  is 
formed  at  the  vegetal  pole  resulting  in  the  trefoil  stage 
(Fig.  3C).  Approximately  15  minutes  later,  the  polar  lobe 
flows  into  the  CD  blastomere.  This  CD  blastomere  is  much 
larger  than  the  AB  blastomere.  At  4  hours  post-fertiliza¬ 
tion,  a  second  polar  lobe  which  is  much  smaller  than  the 
first  polar  lobe  is  formed  from  the  CD  blastomere.  At 
completion  of  the  second  division,  this  polar  lobe  flows 
back  into  the  D  blastomere.  This  division  has  produced 
three  blastomeres  (A,B,C)  of  approximately  equal  size  and 
one  much  larger  blastomere,  D.  During  the  third  cleavage, 
5.5  hours  post-fertilization,  a  small  polar  lobe  is  formed 
from  the  D  blastomere.  This  cleavage  pattern  results  in  the 
formation  of  the  first  quartet  of  micromeres. 

The  following  description  of  larval  development  is 
based  upon  cultures  raised  in  the  laboratory  at  10  -14°C. 
There  was  a  great  deal  of  asynchrony  in  the  developmental 
rate  among  larvae  within  the  same  cultures  and  among  larvae 
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from  different  cultures.  Therefore,  the  chronology  of 
development  presented  here  is  representative  of  the  fastest 
observed  developmental  rates  and  is  summarized  in  Table  1. 
Planktonic  development  was  divided  into  10  stages  based  on 
the  development  of  external  characteristics.  These  10 
stages  correspond  to  the  stages  sectioned  to  determine  the 
histogenesis  and  organogenesis  of  the  planktonic  larvae. 

18  Hour  Pre trochophore 

At  18  hours  post-fertilization  there  is  a  swimming, 
negatively  geotactic  pre  trochophore  measuring  86  jam  in 
diameter  (Fig.  4A) .  It  is  irregular  in  shape  and  is 
surrounded  by  a  prominent  vitelline  membrane.  The  pre trocho¬ 
phore  appears  opaque  due  to  the  magenta  pigmentation  and  the 
large  amount  of  yolk.  The  pre trochophore  swims  in  an 
erratic  tumbling  manner  at  the  water's  surface  in  the 
culture  dish. 

23  Hour  Trochophore 

By  23  hours  post-fertilization  an  early  trochophore 
larva  with  a  prominent  prototroch  and  apical  tuft,  measur¬ 
ing  86-88  jam  in  diameter  is  seen  (Fig.  4B,  7A) .  The 
prototroch  divides  the  larva  into  two  regions,  an  upper 
episphere  and  a  lower  hyposphere.  The  apical  tuft  is 
composed  of  a  8-10  long  cilia  which  are  approximately  48  jam 
in  length.  The  apical  cilia  are  often  held  erect  in  front 
of  the  swimming  trochophore,  however,  they  are  not  twisted 
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together.  The  tuft  is  often  seen  to  beat  slowly  from  one 
side  of  the  episphere  to  the  other.  Small  yellow-green 
chromatophores  are  present  on  the  sides  of  the  episphere. 

The  vitelline  membrane  is  wrinkled  in  the  regions  of  the 
apical  tuft  and  hyposphere;  it  is  closely  applied  to  the 
surface  of  the  trochophore  and  will  eventually  form  the 
larval  cuticle  (Fig.  4B).  A  single  gland  pore  is  located 
directly  below  the  prototroch  on  the  dorsal  surface 
(Fig.  7A) .  There  are  two  tufts  of  cilia  on  the  bottom  of 
the  hyposphere  which  appear  as  a  single  tuft  under  the 
light  microscope  (Fig.  7A) .  The  long  prototrochal  cilia 
beat  in  a  metachronal  wave  propelling  the  larva  through  the 
water.  As  the  trochophore  swims  in  a  spiral  path  it  rotates 
on  its  longitudinal  axis. 

44-46  Hour  Trochophore 

In  the  44-46  hour  trochophore  a  faint  outline  of  the 
forming  gut  can  be  distinguished  (Fig.  4C).  The  trocho¬ 
phore  measures  90  nm  in  length  and  has  traces  of  red  and 
yellow-green  chromatophores  on  the  dorsal  surface  of  the 
episphere.  The  prototrochal  cilia  have  increased  in 
length  and  number,  as  have  the  number  of  cilia  in  the 
apical  tuft.  The  larvae  swim  randomly  on  a  spiral  path 
throughout  the  culture  dish. 

60-70  Hour  Trochophore 

Provisional  setae  first  appear  at  60-65  hours  post¬ 
fertilization.  There  is  a  single  seta,  9  Jum  in  length,  on 
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each  side  of  the  hyposphere  (Fig.  4D) .  These  setae  lack  the 
serrated  annulations  found  on  the  setae  of  older  larvae. 

The  apical  tuft  is  composed  of  about  20  long  cilia  which 
are  surrounded  by  several  short  cilia  on  either  side.  A 
second  row  of  short  cilia  is  beginning  to  appear  in  the 
prototroch  below  the  first  row  of  cilia. 

By  70  hours  a  second  pair  of  short  provisional  setae 
have  formed  and  the  primary  pair  now  has  3-^  annulations 
per  seta  (Figs.  5A,  7B).  The  setae  are  capable  of  being 
flexed  laterally  to  the  sides  of  the  body.  The  outline  of 
the  gut  can  be  seen  and  using  Nomarski  microscopy,  beating 
cilia  can  be  distinguished  for  the  first  time  within  the 
stomach  (Fig.  5A) .  Greenish  lipid  droplets  are  also 
observed  in  the  stomach  cells.  The  larva  now  measures  92 
jam  in  length  and  yellow-green  chromatophores  are  present  on 
the  episphere  with  patches  of  red  chromatophores.  There  is 
a  faint  red  eyespot  located  dorsally  on  the  left  side  of 
the  episphere,  anterior  to  the  prototroch. 

3 .  5-4  Day  Trochophore 

The  trochophore  begins  to  feed  after  3*5-^  days.  It 
possesses  3-^  pairs  of  provisional  setae  and  measures  about 
95  tun  in  length  (Fig.  5B) .  A  band  of  medial  longitudinal 
cilia,  the  neurotroch,  has  appeared  on  the  ventral  surface 
of  the  hyposphere  and  extends  from  the  mouth  to  the  anal 
pore.  The  neurotrochal  cilia  beat  away  from  the  mouth. 

The  body  is  still  opaque  and  magenta  in  color  but  on  the 
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episphere  are  found  yellow-green  chromatophores  extending 
over  the  dorsal  surface.  There  are  lipid  droplets  lying 
above  the  stomach  and  intestine.  The  single  eyespot  on 
the  episphere  is  now  prominent  due  to  its  increase  in  size. 
The  apical  tuft  is  composed  of  3  ciliary  bundles,  1  central 
bundle  with  2  bundles  of  short  cilia  on  either  side  of  it. 
The  vitelline  membrane  can  no  longer  be  distinguished 
(Fig.  5B). 

5.  Day  Trochophore 

The  5  day  old  trochophore  possesses  5  pairs  of  provis¬ 
ional  setae  which  are  approximately  2.5  times  the  length  of 
the  body  (Fig.  8C).  The  prototroch  is  composed  of  a 
prominent  upper  band  of  long  cilia  on  the  ventral  surface 
which  extends  to  the  sides  of  the  dorsal  surface.  The 
posterior  band,  now  very  prominent,  is  composed  of  shorter 
cilia  (Fig.  8A) .  This  band  extends  along  the  length  of  the 
now  prominent  oral  hood  fold  where  it  meets  the  oral  cilia- 
tion.  The  apical  tuft  is  composed  of  3  bundles  of  short 
cilia  (Fig.  8B) .  The  central  bundle  is  non-motile  while  the 
other  2  bundles  are  motile. 

The  trochophore  is  beginning  to  lose  its  opaqueness  and 
is  becoming  transparent  (Fig.  5C).  It  is  still  magenta  in 
color  with  patches  of  red  and  yellow-green  chromatophores 
scattered  over  the  surface  of  the  episphere.  Green  lipid 
droplets  are  present  on  the  dorsal  surface  of  the  larva. 

The  trochophores  of  this  stage  swim  randomly  in  a  spiral 
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fashion  throughout  the  culture  and  do  not  exhibit  any 
phototactic  behavior. 

12  Day  Trochophore 

The  12  day  trochophore  is  characterized  by  the  elongation 
of  the  hyposphere  and  the  loss  of  the  magenta  pigmentation 
(Fig.  5D) •  The  larva  measures  approximately  100  urn  in 
length  with  8-10  pairs  of  provisional  setae  present.  The 
hyposphere  has  elongated  but  with  no  evidence  of  segmentation. 
Red  and  yellow-green  chromatophores  have  appeared  for  the 
first  time  in  this  region.  The  green  lipid  droplets 
overlying  the  stomach  and  intestine  are  still  present.  The 
telotroch  and  grasping  cilia  have  not  formed  yet. 

On  the  dorsal  surface  of  the  episphere  the  yellow-green 
chromatophores  have  fused  into  large  patches  and  the  red 
chromatophores  are  scattered  amongst  them.  There  is  still 
only  one  red  eyespot  present  on  the  episphere  (Fig.  • 

The  margin  of  the  oral  hood  fold  is  thickening  and  is  a 
well-developed  flap  above  the  mouth.  The  neurotroch  is  now 
a  well-developed  band  of  cilia  extending  from  the  mouth  to 
the  anal  pore  on  the  ventral  surface.  The  larvae  swim 
randomly  through  the  culture  dish  and  exhibit  a  weak 
positive  phototaxis. 

Metatrochoohore 

This  stage  is  reached  in  about  18  days  and  measures 
approximately  240  jum  in  length  (Figs.  6a,  9A) .  It  is 
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characterized  by  the  division  of  the  hyposphere  into  2 
segments  and  a  pygidium.  There  are  about  20  pairs  of 
provisional  setae  present  in  the  setal  sacs.  The  apical 
tuft  is  composed  of  3  bundles  of  short  cilia  which  beat 
laterally.  There  are  now  2  red  eyespots  located  anteriorly 
to  the  prototroch  on  the  dorsal  surface  of  the  episphere. 
Large  patches  of  yellow-green  and  red  chromatophores 
extend  dorsally  over  the  surface  of  the  episphere  and  a 
band  of  black  pigmentation  lies  directly  posterior  to  the 
prototroch.  Lip  folds  are  forming  on  either  side  of  the 
mouth  posterior  to  the  large  oral  hood  fold  (Fig.  9A) .  The 
upper  band  of  prototrochal  cilia  runs  along  the  anterior 
edge  of  the  oral  hood  to  the  dorsal  surface  where  there  is 
a  gap  on  the  dorsal  medial  surface.  The  posterior  band  of 
the  prototroch  extends  along  the  oral  lips  where  it  meets 
the  oral  ciliation.  Lying  between  the  two  bands  of  cilia  is 
the  food  groove. 

Posterior  to  the  prototroch,  the  hyposphere  is  divided 
into  two  segments  by  faint  bands  of  black  pigmentation  on 
the  dorsal  surface  of  the  hyposphere  (Fig.  6A) .  Scattered 
over  the  stomach  and  intestine  are  green  lipid  droplets  and 
red  and  yellow-green  chromatophores.  Anterior  and  lateral 
to  the  telotroch  are  the  grasping  cilia  which  appear  by 
light  microscopy  to  be  fused.  They  undergo  flicking 
motions  in  a  group  rather  than  the  typical  ciliary  beating. 
Using  SEM,  the  grasping  cilia  appear  to  be  composed  of  cilia 
lying  in  close  proximity  to  each  other  but  which  are  not 
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fused  together  (Fig.  9B) .  They  function  to  hold  the 
provisional  setae  to  the  sides  of  the  body  during 
swimming.  The  telotroch  extends  around  the  posterior  end 
of  the  hyposphere,  now  called  the  pygidium  (Fig.  9A) .  The 
telotroch  splits  on  the  dorsal  surface  so  that  the  medial 
portion  lacks  cilia.  Below  the'  telotroch  are  large 
patches  of  reddish- black  chromatophores .  The  larvae  at 
this  stage  swim  randomly  throughout  the  culture  bowl  just 
above  the  bottom  of  the  dish  and  are  negatively  photo  tactic. 

Metatrochophore  with  Tentacle  Buds 

Within  4-4.5  weeks  post-fertilization,  the  larvae  have 
developed  tentacle  buds.  The  body  is  divided  into  the 
episphere,  3  parathoracic  segments,  3  faint  abdominal 
segments,  and  a  pygidium  (Figs.  6B,  9C). 

The  apical  tuft  is  now  composed  of  5  bundles  of  cilia. 
There  are  4  red  eyespots  on  the  dorsal  surface  of  the 
episphere  anterior  to  the  prototroch.  The  yellow-green 
chromatophores  are  gradually  being  replaced  by  the  reddish- 
black  chromatophores  with  a  few  scattered  patches  of  green 
chromatophores  amongst  them.  Located  posterior  to  the 
eyespots  on  the  dorsal  surface  of  the  episphere  are  two 
tentacle  buds  which  are  very  short  and  bear  a  few  red  pig¬ 
ment  spots  on  their  dorsal  surfaces  (Figs.  6B,  9C).  On  the 
ventral  surfaces  of  these  tentacle  buds  are  developing 
ciliary  tracts.  The  two  prototrochal  bands  are  located  on 
the  posterior  margin  of  the  episphere  and  they  separate 
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the  episphere  from  the  trunk  segments.  There  is  a  gap  in 
the  prototroch  on  the  dorsal  surface  between  the  tentacles 
where  the  dorsal  hump  is  now  located  (Fig.  9C).  A  band  of 
black  pigment  separates  the  prototroch  from  the  trunk. 

Located  within  the  setal  sacs  are  25-30  pairs  of  provis¬ 
ional  setae  (Fig.  9C).  The  elongated  trunk  is  divided  into 
3  parathoracic  segments  by  black  pigment  bands  which 
extend  across  the  dorsal  surface  of  the  larva  (Fig.  6B). 
Posterior  to  the  parathoracic  segments  are  3  faintly 
demarcated  abdominal  segments  (Fig.  6B) .  There  are  no 
setae  or  uncini  present  on  the  trunk  segments.  On  the 
pygidium  are  located  the  grasping  cilia  and  the  telotroch. 
Posterior  to  the  telotroch  are  patches  of  reddish- black 
chromatophores  (Fig.  6B). 

The  larvae  are  photopositive  and  swim  over  the  bottom  of 
the  culture  bowl  in  a  spiral  path.  Sometimes,  the  larvae 
were  seen  to  swim  in  loops  directly  above  the  bottom  of  the 
bowl.  When  this  behavior  was  observed,  the  larvae  did  not 
rotate  on  their  longitudinal  axis  in  a  spiral  path.  The 
larvae  would  apply  the  top  of  the  episphere  to  the  bottom 
of  the  culture  dish  when  exhibiting  this  behavior  pattern. 

Nec tochae ta  (Competent  Larva) 

This  stage  represents  the  fully  developed  planktonic  or 
competent  larva  and  occurs  5*5~6  weeks  post-fertilization. 

It  measures  approximately  350  jjm  in  length.  The  body  is 
divided  into  5  distinct  regions;  the  episphere,  one 
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asetigerous  thoracic  segment,  3  setigerous  parathoracic 
segments,  3  abdominal  segments  with  uncinigerous  lobes, 
and  the  pygidium  (Figs.  6C ,  10A,C). 

The  episphere  possesses  4  reddish- black  eyespots  on  its 
dorsal  surface.  The  posterior  pair  of  eyespots  is 
situated  closer  together  than  is  the  anterior  pair. 

Scattered  over  the  dorsal  surface  of  the  episphere  are 
patches  of  reddish- orange  chromatophores .  The  yellow-green 
patches  of  pigment  observed  previously  have  completely 
disappeared.  Small  patches  of  green  chromatophores  lie 
directly  anterior  to  the  prototroch  on  the  dorsal  surface. 
The  prototroch  is  situated  around  the  posterior  margin  of 
the  episphere  except  for  a  gap  on  the  dorsal  surface 
between  the  tentacles.  There  are  5  tufts  of  apical  sensory 
cilia  and  numerous  raised  gland  pores  on  the  apical  end  of 
the  episphere  (Figs.  14A,B). 

The  tentacles  arise  from  the  dorsal  surface  of  the 
episphere  and  lie  posterior  and  lateral  to  the  eyespots. 

The  tentacles  extend  approximately  one-half  the  length  of 
the  body  of  the  larva.  Located  on  the  dorsal  surface  of  the 
tentacles  are  patches  of  reddish-black  chromatophores, 
raised  gland  pores,  and  ciliated  sensory  tufts  (Figs.  11B, 
13B) .  The  tips  of  the  tentacles  are  heavily  ciliated  as 
are  the  ventral  surfaces  which  bear  a  ciliated  band  running 
its  entire  length  (Fig.  11A) .  The  dorsal  hump  lies  between 
the  tentacles  (Fig.  IOC) .  Situated  below  the  prototroch 
and  postero-lateral  to  the  tentacles  are  the  opercular 
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cirri  (Fig.  11C).  The  cirri  will  form  the  fleshy  papulae 
located  below  the  outer  opercular  paleae  in  the  adult 
worms.  The  junction  between  the  cirri  and  the  prototroch 
is  demarcated  by  a  band  of  black  chromatophores . 

There  are  approximately  40  pairs  of  provisional  setae 
within  the  setal  sacs  (Fig.  12B) .  Hidden  amongst  the 
provisional  setae  are  the  short  primary  settling  paleae 
which  will  form  the  operculum  of  the  newly  metamorphosed 
juvenile.  On  the  dorsal  surface  of  the  larva,  nototrochal 
cilia  extend  from  the  posterior  portion  of  the  first  para- 
thoracic  segment  to  the  posterior  portion  of  the  third 
parathoracic  segment  (Fig.  12C).  Scattered  black  chroma¬ 
tophores  are  found  on  the  dorsal  surface  of  the  parathoracic 
and  the  abdominal  segments.  Between  each  segment  is 
located  a  distinct  band  of  black  and  green  chromatophores. 
The  parathoracic  segments  each  bear  one  pair  of  winged 
capillary  setae  and  one  pair  of  curved  capillary  setae  in 
their  parapodial  lobes  (Fig.  12C).  Each  of  the  abdominal 
segments  has  two  large  uncinigerous  lobes  bearing  uncini 
(Fig.  12A).  The  number  of  uncini  per  lobe  varies  among 
specimens  but  there  are  never  more  than  8  uncini  per 
lobe.  On  the  ventral  surfaces  of  the  parathoracic  segments 
are  found  the  ciliated  sensory  tufts  and  recessed  gland 
pores  (Fig.  13A).  On  the  ventral  surface  of  the  thoracic 
segment,  directly  below  the  oral  lip  folds  is  found  the 
building  organ  (Fig.  11C).  The  neurotroch  extends  from 
the  mouth  to  the  telotroch  on  the  medial  ventral  surface 
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(Fig.  10B). 

The  pygidium  possesses  the  telotroch  and  the  grasping 
cilia.  Scattered  patches  of  reddish- black  chromatophores 
are  found  below  the  prototroch  on  the  pygidium.  Raised 
gland  pores  surround  the  anus  and  scattered  sensory  tufts 
are  found  amongst  the  gland  pores  (Fig.  14C). 

The  competent  larvae  are  positively  phototactic 
and  positively  geotactic.  When  a  strong  light  is  shone  on 
the  side  of  the  culture  dish,  the  larvae  will  aggregate  on 
the  bottom  of  the  dish  closest  to  the  light  source.  At 
this  point  the  larvae  search  for  a  site  on  which  to 
metamorphose  by  exploring  the  sand  grains  on  the  bottom  of 
the  culture  vessel. 

The  larvae  swim  directly  above  the  substrate  and  often 
were  seen  to  hover  in  an  erect  position  over  the  substrate. 
It  was  noted  that  groups  of  5  to  6  larvae  tended  to  remain 
in  close  proximity  to  each  other  while  exploring  the 
substrate.  The  larvae  stop  swimming  and  crawl  over  the 
substrate,  applying  the  dorsal  surface  of  the  tentacles 
to  the  substrate.  As  described  earlier,  the  larval  tent¬ 
acles  bear  ciliated  sensory  tufts.  While  crawling  the 
larva  uses  both  the  telotroch  and  the  prototroch  for 
locomotion.  The  larva  stops  crawling  and  applies  the 
building  organ,  bearing  sensory  tufts,  directly  to  the 
sand  grains  (Fig.  15B).  To  do  this,  the  oral  hood  fold 
is  bent  forward  so  that  the  surface  of  the  building  organ 
is  fully  applied  to  the  sand  grains.  It  has  been  noted  that 
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the  larva  will  ingest  sand  grains  when  the  oral  hood  is 
applied  to  the  sand  grains.  The  prototrochal  cilia  of  the 
oral  hood  fold  sweep  small  sand  particles  into  the  mouth  and 
the  cilia  of  the  neurotroch  rejects  them  posteriorly. 

These  same  sand  particles  will  he  swept  into  the  mouth  and 
rejected  several  times  before  they  are  finally  ingested  by 
the  larva.  The  sand  particles  can  be  traced  moving  through 
the  stomach  and  intestine  of  the  larva  and  they  can  be 
found  in  the  fecal  pellets.  After  several  minutes  the 
larva  will  resume  swimming  over  the  bottom  of  the  bowl. 

Larvae  were  also  noted  to  apply  the  tops  of  their 
epispheres  directly  to  the  sand  grains.  The  larva  will 
remain  stationary  in  an  upside  down  position  and  will 
rotate  on  its  central  axis  (Fig.  15A).  The  episphere  is 
applied  to  the  sand  grains  the  entire  time.  This 
behavior  lasts  several  seconds  after  which  the  larva  falls 
on  its  side  and  explores  the  substrate  with  either  its 
tentacles  or  its  building  organ.  Several  seconds  later 
the  larva  will  get  up  and  repeat  this  behavior.  The 
larvae  were  often  seen  to  swim  in  an  upside  down  position 
bouncing  their  apical  ends  over  the  substrate. 

Larvae  were  observed  to  bury  themselves  underneath  and 
between  sand  grains.  Once  between  the  sand  grains  the 
larvae  would  cling  tenaciously  to  them.  It  would  take 
several  forceful  squirts  of  water  from  a  pipette  to 
dislodge  them.  As  the  larvae  moved  between  the  sand  grains, 
they  would  use  their  provisional  setae  to  push  the  sand 
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grains  aside  so  that  they  could  move  freely  between  them. 
After  several  minutes  the  larvae  would  resume  swimming  over 
the  bottom. 

Provisional  Setae  and  Defensive  Behavior 

The  provisional  setae  first  appear  in  the  6O-65  hour 
trochophore  and  are  present  throughout  the  life  of  the  larva. 
The  setae  are  secreted  in  the  posterior  facing  setal  sacs 
located  on  either  side  of  the  body  at  the  level  of  the 
prototroch.  Provisional  setae  are  continuously  added 
throughout  the  life  of  the  larva  until  about  40  pairs  are 
present  in  the  competent  larva.  They  reach  a  length  of 
up  to  300  jum.  Along  their  length  at  approximately  8  nm 
intervals  are  annulations  (Fig.  12B) .  Situated  around  the 
perimeter  of  these  annulations  are  numerous  tooth-like 
serrations . 

The  larvae  are  capable  of  spreading  their  provisional 
setae  so  that  they  completely  surround  the  body  and  point 
in  all  directions  (Figs.  l6A,B).  This  behavior  appears 
with  the  first  setae  and  continues  throughout  the  larval 
life.  The  larvae  spread  their  setae  in  response  to 
irritation  or  if  they  make  contact  with  another  larva.  In 
cultures,  the  creation  of  vibrations  in  the  water  would 
elicit  this  response  and  the  larva  did  not  have  to  be 
touched  directly.  Competent  larvae  used  their  setae  to 
move  sand  grains  out  of  the  way  when  they  were  crawling 
over  and  between  the  sand  grains. 
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To  flex  the  setae ,  the  larva  constricts  the  prototrochal 
region  and  the  anterior  end  by  the  contraction  of  the 
prototrochal  muscle  and  the  esophageal  muscles  which 
connect  to  the  anterior  region  and  setal  sac  muscles. 

With  the  contraction  of  the  muscles  surrounding  the  setal 
sacs,  the  setal  sacs  are  turned  to  the  side  and  face 
laterally.  The  setae  then  spread  out  so  that  they  surround 
the  body.  The  setae  stay  erect  for  several  seconds  and 
then  they  relax.  If  the  irritation  continues,  the  setae 
will  continue  to  be  spread  and  relaxed  until  the  irritation 
stops . 

Feeding  Behavior 

The  capture  of  food  particles  was  not  observed  in  the 
trochophore  larvae  of  S.  cementarium ,  however,  it  was 
observed  in  the  metatrochophores  and  competent  larvae.  The 
method  of  particle  capture  in  the  trochophores  was  inferred 
from  these  late  stage  larvae.  The  larvae  of  S.  cementarium 
feed  by  an  opposed  ciliary  band  system.  The  upper  and 
lower  ciliary  bands  of  the  prototroch  appear  to  beat  in 
opposition  to  each  other  with  the  lower  band  acting  as  a 
metatroch.  The  longer  cilia  of  the  upper  prototrochal 
band  capture  the  food  particles  and  carry  them  towards  the 
lower  band  of  cilia.  The  lower  band  carries  the  food 
particles  into  the  food  groove.  The  cilia  of  the  food  groove 
carry  the  particles  to  the  mouth  where  they  are  swept 
into  the  mouth  by  the  oral  ciliation. 


When  the  larvae  encounter  particles  too  high  in 
concentration,  they  will  stop  feeding.  They  no  longer 
filter  the  particles  due  to  the  fact  that  the  posterior 
band  of  prototrochal  cilia  ceases  to  beat.  This  is  the 
same  mechanism  as  that  observed  by  Strathmann  et  al.  (1972) 
for  Spirabranc hus  trochophores .  If  the  larvae  encounter 
particles  that  are  too  large  to  handle  they  will  reject 
them.  Strathmann  et  al.  (.1972)  have  shown  the  Spira¬ 
branc  hus  trochophores  use  their  neurotrochs  to  carry  food 
particles  away  from  the  mouth.  Observations  on  the  larvae 
of  S.  cementarium  have  found  that  they  too  use  the  neuro- 
troch  to  reject  particles  that  are  too  large  to  ingest. 

The  particles  are  carried  posteriorly  along  the  hypo- 
sphere  of  the  trochophores  or  along  the  trunk  segments  of 
the  late  larvae  by  the  posterior  beat  of  the  neurotrochal 
cilia.  Once  inside  the  mouth  the  particles  are  carried 
into  the  esophagus  by  the  esophageal  ciliation.  As  the 
particles  are  carried  down  the  length  of  the  esophagus, 
they  are  rotated  in  a  clockwise  direction  by  the  cilia  of 
the  esophagus  and  then  swept  into  the  stomach.  In  the 
stomach,  the  food  particles  are  formed  into  a  bolus  which 
is  rotated  in  a  counter-clockwise  direction  by  the  cilia  of 
the  stomach.  The  bolus  is  forced  into  the  intestine  by 
the  muscular  contraction  of  both  the  stomach  and  the  body 
wall  of  the  larva.  The  bolus  is  broken  down  in  the 
intestine  by  the  cilia  and  it  is  defecated  through  the 
anal  opening. 
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B.  ORGANOGENESIS  AND  HISTOGENESIS 
OF  THE  PLANKTONIC  LARVAE 


The  organogenesis  and  histogenesis  of  the  planktonic 
larvae  of  Sabellaria  cementarium  were  studied  by  examina¬ 
tion  of  histological  sections  of  10  developmental  stages. 

The  external  morphologies  of  these  stages  have  been 
described  in  the  preceding  chapter.  The  larval  structures 
to  be  examined  are  as  follows:  body  wall,  muscle  system, 
coelom,  alimentary  tract,  nervous  system,  circulatory 
system,  gland  cells,  and  tentacles.  The  18  hour  pre- 
trochophore  will  be  described  separately  as  it  is  not 
encompassed  in  the  development  of  any  of  the  larval 
struc  tures . 

The  18  hour  pretrochophore  appears  to  lack  a  blastocoel 
(Fig.  26a).  Lipid  droplets  are  abundant  and  they  obscure 
the  underlying  cells.  There  are  apparently  two  types  of 
lipid  droplets;  those  which  stain  green  and  those  which 
stain  blue  (Richardson's  stain)  (Fig.  26k),  Cell  types  can¬ 
not  be  distinguished  at  this  time  except  for  a  presumptive 
mucoid  gland  cell  which  appears  as  a  pale-staining  cell 
located  in  the  region  of  the  developing  episphere  (Fig.  26a) . 
Cilia  as  well  as  presumptive  prototrochal  cells  cannot  be 
detected  by  light  microscopy.  The  larva  does,  however, 
swim  in  an  erratic  tumbling  manner.  Although  the  vitelline 
membrane  is  prominent  externally,  it  does  not  stain  in  one 
micrometer  sections. 
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Body  Wall 


The  following  structures  were  examined  in  the  tody  wall 
of  the  larvae:  cuticle,  epidermis,  and  setal  sacs.  Body 
wall  musculature  and  peritoneum  will  be  described  in  the 
sections  on  the  muscle  system  and  coelom,  respectively. 

i)  Cuticle 

The  vitelline  membrane  or  egg  envelope  is  retained  as 
the  cuticle  in  the  early  larvae.  It  completely  surrounds 
the  larva  and  appears  to  be  composed  of  two  zones.  The 
zones  will  be  named  according  to  the  terminology  of 
Eckelbarger  and  Chia  (1978).  Zone  II  is  a  thick,  outer 
electron-dense  layer  consisting  of  closely  packed  fibrils 
(Fig.  17A) .  Lying  directly  below  this  layer  and  against 
the  epidermis  is  Zone  I.  This  zone  is  weakly- staining  and 
is  composed  of  loose  fibrils  (Fig.  17A) .  Branching 
microvilli  can  be  seen  extending  from  the  surfaces  of  the 
epidermal  cells  through  the  vitelline  membrane  (Fig.  17A) . 

By  5  days,  the  vitelline  membrane  is  being  replaced 
by  a  thin  cuticle  secreted  by  the  epidermal  cells.  In  one 
micrometer  sections,  the  surface  of  the  cuticle  stains 
lightly,  while  the  cuticle  itself  is  non-staining.  In  TEM 
sections,  the  newly  formed  cuticle  appears  electron  opaque 
and  there  is  a  reduction  in  the  number  of  microvilli  extend¬ 
ing  through  the  cuticle  (Fig.  17B). 

ii)  Epidermis 

The  epidermis  is  a  simple  epithelium.  In  the  early 
developmental  stages,  the  cells  are  cuboidal  in  shape  and 
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contain  a  centrally  located  nucleus  (Figs.  26a,B,D,  27A-D). 
As  the  larvae  continue  to  grow,  the  cells  tend  to  flatten 
particularly  in  the  region  of  the  hyposphere  (Figs.  37C,D, 
38a).  Initially  there  are  numerous  lipid  droplets  located 
within  the  epidermal  cells,  however,  these  droplets 
decrease  in  number  as  the  larvae  grow  and  by  12  days  the 
droplets  are  nearly  exhausted.  Pigment  cells  become 
apparent  in  the  12  day  trochophore.  These  cells  contain 
numerous  black  granules  in  their  apical  cytoplasm  and 
possess  basally  located  nuclei.  The  distribution  of  these 
cells  within  the  epidermis  corresponds  to  the  external 
pigmentation  pattern  of  the  larva.  Located  within  the 
epidermis  are  numerous  gland  cells  which  will  be  described 
in  the  section  on  gland  cells. 

The  multiciliated  prototrochal  and  telotrochal  cells 
are  cuboidal  shaped  with  basally  located  nuclei  (Fig.  18A) . 
They  bear  cilia  anchored  by  long  primary  rootlets  and 
shorter  secondary  rootlets  (Fig.  18A) .  Within  the  cyto¬ 
plasm  of  these  cells  are  numerous  mitochondria, 
iii)  Setal  Sacs 

The  setal  sacs  containing  the  provisional  setae  are 
first  apparent  in  the  46  hour  trochophore.  They  appear  as 
small  spherical  sacs  located  on  either  side  of  the  body  and 
contain  2  chaetoblast  cells,  each  with  a  prominent  nucleus 
(Fig.  19A) .  A  single  rudimentary  seta  can  be  seen  develop¬ 
ing  within  the  sac.  In  the  65  hour  trochophore  the  setal 
sacs  have  increased  in  size  and  the  provisional  setae  are 
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apparent  externally  (Fig.  19B) . 

Throughout  the  life  of  the  larva,  the  setal  sacs 
continue  to  increase  in  size  due  to  an  increase  in  the 
number  of  cells  located  within  the  sacs.  The  chaetoblast 
cells  lie  basally  within  the  setal  sacs  and  possess 
numerous  microvilli  (Figs.  20,  21B).  The  provisional 
setae  are  formed  on  the  microvilli.  Surrounding  the 
chaetoblast  cells  are  the  lateral  accessory  cells  which 
line  the  follicle  in  which  the  provisional  seta  lies 
(Figs.  20,  21B) .  The  lateral  cells  secrete  the  cuticle 
which  lines  the  follicle.  The  number  of  provisional  setae 
secreted  by  a  setal  sac  may  approach  40  in  the  competent 
larva.  The  setal  sacs  are  also  responsible  for  the 
secretion  of  the  primary  opercular  paleae  found  in  the 
competent  larva  and  newly  metamorphosed  juveniles.  Large 
vacuoles  begin  to  appear  laterally  and  basally  within  the 
sacs  in  the  5  day  trochophore  and  continue  to  increase  in 
size  and  number  throughout  the  larval  life  (Figs.  19D,  20). 
The  function  of  these  large  vacuoles  is  unknown.  The 
provisional  setae  are  composed  of  chi  tin  and  in  histologi¬ 
cal  and  TEM  sections,  numerous  parallel  longitudinal 
channels  can  be  detected  extending  the  entire  length  of  the 
setae  (Fig.  21B) . 

Located  on  the  dorsal  surface  of  the  me tatrochophore 
with  tentacle  buds  are  the  developing  parapodial  and 
uncinigerous  lobes.  Within  the  cavities  of  these  lobes 
are  clusters  of  undifferentiated  cells  which,  presumably, 
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will  give  rise  to  the  chaetoblast  cells  (Fig.  19c).  These 
cells  will  secrete  the  parapodial  setae  and  uncini.  In  the 
competent  larva,  the  chaetoblast  cells  can  be  detected 
basally  within  the  parapodial  lobes  (Fig.  19D) .  Lateral 
accessory  cells  can  be  seen  lining  the  follicles  in  which 
the  setae  lie.  Within  the  uncinigerous  lobes,  the 
chaetoblast  cells  are  found  at  the  apical  ends  of  the  lobes 
The  muscles  associated  with  these  lobes  are  described  in 
the  section  on  the  muscle  system  as  are  the  muscles  of  the 
setal  sacs. 

Muscle  System 

Muscles  can  first  be  identified  in  one  micrometer 
sections  of  the  3*5  day  trochophore.  They  appear  as  thin 
bundles  of  muscle  fibers  located  on  the  lateral  and  basal 
surfaces  of  the  setal  sacs  (Fig.  22k),  These  muscles  are 
referred  to  as  the  setal  sac  muscles.  They  connect  to  a 
thin  band  of  muscle  situated  anteriorly  to  the  setal  sacs, 
the  prototrochal  muscle  (Fig.  22B) .  The  prototrochal 
muscle  extends  around  the  circumference  of  the  larva  direct 
ly  below  the  prototrochal  cells.  There  is  a  medial  branch 
of  this  muscle  located  ventrally  at  the  level  of  the 
developing  vacuolated  stomach  cells,  which  extends  across 
the  larva  to  connect  to  the  prototrochal  cells  and  to  the 
setal  sac  musculature. 

In  the  5  day  trochophore  there  is  a  thin  band  of 
muscle  fibers  arising  from  the  apical  end  of  the  esophagus 
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which  extends  along  the  lateral  surfaces  of  the  esophagus 
to  insert  on  the  medial  branch  of  the  prototrochal  muscle 
(Fig.  22C ) .  The  medial  branch  of  the  prototrochal  muscle 
inserts  into  the  setal  sac  muscles  which  have  undergone 
hypertrophy  (Figs.  22C ,  25A) .  The  setal  sac  muscles  now 
form  a  muscular  capsule  around  the  internal  surfaces  of 
the  setal  sacs  (Figs.  20,  25A) .  Extending  dorsally  below 
the  epidermis  is  a  branch  of  the  setal  sac  musculature 
which  appears  to  insert  onto  the  epidermis  at  the  posterior 
end  of  the  hyposphere.  This  appears  to  be  a  developing 
branch  of  the  dorsal  longitudinal  muscle  which  is  present 
in  the  me tatrochophore  with  tentacle  buds. 

There  is  continued  hypertrophy  of  the  larval  muscula¬ 
ture  in  the  12  day  trochophore  and  me tatrochophore .  In  the 
me tatrochophore  with  tentacle  buds,  situated  above  the 
esophagus,  is  the  supraesophageal  muscle  which  consists  of 
approximately  2  parallel  branches  (Figs.  22D,  23A) .  These 
branches  extend  across  the  antero-ventral  surface  of  the 
episphere  to  insert  onto  the  lateral  epithelium  of  the 
episphere.  Arising  from  the  supraesophageal  muscle  are  the 
longitudinal  muscles.  These  muscles  are  composed  of 
approximately  5  bundles  of  muscle  fibers  which  extend  along 
the  lateral  surfaces  of  the  esophagus.  Located  within  the 
mesenteries  associated  with  these  muscles  are  the  circum- 
esophageal  blood  vessels  (Fig.  40A) .  Also  arising  from  the 
supraesophageal  muscle  are  the  lateral  muscles  of  the 
episphere  which  lie  below  the  lateral  epithelium  of  the 
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episphere  to  insert  onto  the  setal  sac  musculature  (Fig.  233). 
The  setal  sac  muscles  are  composed  of  numerous  bundles  of 
muscle  fibers  which  form  a  capsule  around  the  sacs  (Figs. 

22D,  23A » C ) .  The  proximal  ends  of  the  provisional  setae 
appear  to  insert  into  the  setal  sac  muscles.  Arising  from 
the  setal  sac  muscles  are  muscles  which  insert  ventrally 
onto  the  longitudinal  muscles  and  medially  onto  the  sides 
of  the  esophagus  (Fig.  23A) .  Extending  from  the  proto- 
trochal  cells  is  the  medial  branch  of  the  prototrochal 
muscle  which  inserts  onto  the  sides  of  the  esophagus 
posterior  to  the  setal  sac  branch  (Fig.  23C).  The  longitu¬ 
dinal  muscles  become  progressively  thinner  as  they  come  to 
lie  below  the  epidermis  in  the  region  of  the  trunk.  This 
is  due  to  the  fewer  number  of  muscle  fibers  present  in  this 
area.  Circular  muscles  of  the  body  wall  cannot  be  detected 
at  this  time. 

In  the  competent  larva,  the  larval  musculature  is  fully 
developed  and  there  has  been  considerable  hypertrophy  of  the 
elements  comprising  the  muscle  system.  The  supraesophageal 
muscle  consists  of  two  large  bundles  of  muscle  fibers 
located  medially  within  the  episphere  (Fig.  23D) .  Arising 
from  this  muscle  are  the  longitudinal  muscles  and  the  lateral 
epispheral  muscles  (Fig.  23D) .  The  longitudinal  muscles 
extend  laterally  along  the  sides  of  the  esophagus  and  come 
to  lie  below  the  epidermis  in  the  trunk  region  (Figs.  23D, 
38C).  The  number  of  bundles  of  muscle  fibers  comprising  the 
longitudinal  muscles  has  increased  and  these  muscles  now  give 
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off  "branches  into  the  parapodia  of  the  parathoracic 
region  and  into  the  uncinigerous  lobes  of  the  abdominal 
segments.  In  cross  section,  the  muscle  bundles  of  the 
dorsal  longitudinal  muscles  appear  to  be  larger  than  those 
of  the  ventral  muscles  (Fig.  24C).  Arising  from  the 
prototrochal  cells  in  the  episphere  are  the  muscle  bundles 
of  the  medial  prototrochal  muscle  which  extend  to  the  sides 
of  the  esophagus  in  the  region  of  the  esophageal-stomach 
junction  (Fig.  24B).  Projecting  from  the  posterior 
surface  of  the  setal  sacs  are  muscle  bundles  that  extend 
medially  across  the  larva  to  the  longitudinal  muscles  and 
to  the  sides  of  the  esophagus  in  the  region  of  the 
esophageal-stomach  junction  (Fig.  24A) .  Arising  from  these 
medially  located  muscles  are  branches  that  extend  onto  the 
dorsal  and  ventral  surfaces  of  the  stomach  in  the  region  of 
the  subesophageal  ganglion.  The  circular  muscles  can  be 
detected  as  a  thin  band  of  muscle  lying  between  the 
epidermis  and  the  longitudinal  muscles  in  the  trunk  region 
(Fig.  24D).  The  muscles  of  the  tentacles  will  be  described 
in  the  section  on  the  larval  tentacles. 

Coelom 

The  coelom  appears  to  be  formed  between  3*5  and  5  days 
by  a  splitting  of  the  lateral  mesoderm  (Fig.  25A).  A 
peritoneal  membrane  is  not  evident  at  the  light  microscopic 
level;  however,  TEM  observations  on  the  5  day  trochophore 
show  the  presence  of  a  thin  peritoneal  membrane  lining  the 
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ccelomic  cavity  (Fig.  25B).  This  coelomic  cavity  extends 
from  the  most  anterior  portion  of  the  episphere  to  the  end 
of  the  hyposphere.  Concentrated  at  the  posterior  end  of 
the  hyposphere  are  the  presumptive  mesodermal  cells  (Figs. 
22C,  25A) .  These  cells  may  he  involved  in  the  formation 
of  the  segmental  coelomic  cavities  in  the  later  larval 
stages.  These  cells  appear  to  he  present  throughout  larval 
life. 

The  coelom  consists  of  a  single  cavity  until  the 
metatrochophore  with  tentacle  huds.  At  this  stage  segment¬ 
al  coelomic  cavities,  corresponding  to  the  external 
segmentation  of  the  larva,  appear  to  he  forming  (Fig.  25C). 
The  coelom  thus  consists  of  an  anterior  coelomic  cavity  and 
the  segmental  coelomic  cavities  separated  hy  thin  segmental 
septa  (Fig.  25D) .  Within  the  competent  larva,  it  is 
difficult  to  distinguish  the  coelomic  cavities  due  to  the 
enlargement  of  the  vacuolated  cells  of  the  stomach  and  the 
presence  of  the  parathoracic  gland  cells.  Coelomocytes  are 
not  observed  within  the  coelomic  cavities  of  any  larval 
stage . 

Alimentary  Tract 

The  method  and  timing  of  gastrulation  cannot  clearly  be 
determined  using  one  micrometer  sections.  As  there  is  no 
invagination  occurring,  it  would  appear  that  gastrulation 
occurs  hy  an  inward  epiholic  movement  of  the  presumptive 
endodermal  cells.  This  method  of  gastrulation  has  previous- 
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1 y  been  reported  for  those  polychaete  species  in  which  the 
blastula  contains  a  few  large,  yolky,  presumptive  midgut  cells 
and  no  blastocoel  (Anderson,  1966) .  Gastrulation  may 
have  occurred  prior  to  the  18  hour  pretrochophore  as  the 
presumptive  midgut  and  stomadeal  cells  cannot  he 
distinguished . 

The  presumptive  endodermal  cells  apparently  divide  to 
give  rise  to  the  esophagus  and  stomach  of  the  larva.  A 
small  indentation  which  may  represent  the  developing 
stomodeal  invagination  can  he  seen  postero-ventrally  in 
the  18  hour  pretrochophore  (Fig.  26k). 

The  developing  alimentary  tract  can  first  he  distingui¬ 
shed  internally  in  the  23  hour  trochophore.  The  developing 
esophagus  appears  as  an  anteriorly  located  ring  of  cells 
surrounding  a  ciliated  lumen  (Fig.  26b).  Lying  adjacent 
to  the  esophagus  are  the  ectodermal  cells  and  the  mesoderm¬ 
al  cells.  The  cells  of  the  esophagus  are  irregular  to 
cuhoidal  in  shape  and  stain-lightly  with  Richardson's 
stain.  Each  of  the  cells  hears  several  cilia  which  extend 
into  the  esophageal  lumen.  A  thin  cuticle  lines  the 
surface  of  the  lumen.  One  of  the  postero-lateral  cells  of 
the  esophagus  is  much  larger  than  the  other  cells  of  the 
esophagus  and  extends  into  the  region  of  the  developing 
stomach.  The  stomach  appears  as  a  thin  lumen  developing 
within  the  cells  of  the  hyposphere  (Fig.  26b).  These 
presumptive  stomach  cells  appear  to  he  undergoing  cilio- 
genesis.  A  cuticle  is  not  evident  within  the  region  of  the 
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developing  stomach.  The  cells  of  the  stomach  contain  two 
types  of  lipid  droplets  as  seen  in  the  18  hour  pretrocho- 
phore . 

By  46  hours,  the  developing  gut  can  be  observed 
externally.  The  esophagus  consists  of  ciliated  columnar 
cells -which  appear  to  be  connected  to  the  stomodeal 
invagination  which  has  now  become  ciliated  (Fig.  26c). 

Lipid  droplets  appear  to  be  concentrated  in  the  anterior 
esophageal  and  ectodermal  cells  (Fig.  26D) .  The  cilia  of 
the  anterior  esophageal  cells  are  directed  posteriorly 
into  the  esophageal  lumen  while  those  of  the  posterior 
cells  are  directed  anteriorly  (Fig.  26D) .  The  large 
postero-lateral  cell  of  the  esophagus  described  in  the 
23  hour  trochophore  now  contains  several  small,  spherical 
vacuoles.  The  stomach  is  composed  of  columnar  cells  and 
is  continuous  with  the  esophagus.  These  cells  bear  only  a 
few  cilia  and  the  lumen  lacks  a  cuticular  lining  (Fig.  26d) . 

In  the  65  hour  trochophore,  the  columnar  esophageal 
cells  are  heavily  ciliated  and  the  cilia  densely  pack  the 
lumen  of  the  esophagus  (Fig.  27A) .  Lipid  droplets  are  abundant 
in  the  anterior  esophageal  cells  and  in  the  junctional  area 
between  the  esophagus  and  the  ventral  surface  of  the 
stomach  (Fig.  27C).  The  single,  large  vacuolated  cell 
found  in  the  postero-lateral  portion  of  the  esophagus  is 
located  in  the  ventral  region  of  the  junction,  between  the 
esophagus  and  the  stomach  (Fig.  27B) .  The  stomach  cells 
are  columnar  in  shape  and  possess  few  cilia  (Fig.  27C). 
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By  3*5-^  days,  the  trochophore  has  begun  to  feed  and 
the  anus  can  now  be  detected  in  one  micrometer  sections. 

The  alimentary  tract  is  divided  into  the  esophagus  and  a 
prominent  stomach  (Fig.  27D) .  There  does  not  appear  to  be 
a  demarcation  between  the  stomach  and  the  intestine  at  this 
time.  The  esophagus  has  increased  in  length  and  consists 
of  columnar  cells  laterally  and  flattened  cells  anteriorly 
(Fig.  27D) .  The  cells  are  multiciliated  and  possess  pale- 
staining  nuclei  and  cytoplasm.  The  cilia  project  into  the 
lumen  and  form  a  large  central  swirl.  There  is  a  thick 
cuticular  lining  of  the  esophageal  lumen  and  microvilli 
extend  from  the  surfaces  of  the  cells  through  the  cuticle 
(Fig.  17B) .  These  microvilli  persist  through  the  adult 
stages.  Lipid  droplets  are  concentrated  in  the  anterior 
esophageal  and  ectodermal  cells  and  in  the  junction  between 
the  stomach  and  the  esophagus.  Located  ventrally  in  this 
junction  are  several  large  cells  extending  from  the 
postero-lateral  surfaces  of  the  esophagus.  These  cells 
contain  large  pale-staining  nuclei  and  numerous  spherical 
vacuoles  (Fig.  36D).  These  cells  are  derived  from  the 
postero-lateral  esophageal  cell  in  the  23  hour  trochophore. 
They  continue  to  increase  in  size  and  number  throughout 
the  larval  life.  The  cells  of  the  stomach  are  thick 
anteriorly  and  multiciliated  (Fig.  36D) .  In  the  posterior 
portion  of  the  stomach  the  cells  are  thin  and  flattened. 

The  cells  located  in  the  dorsal  regions  of  the  stomach  are 
lightly  ciliated,  while  those  in  the  ventral  regions  are 
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heavily  ciliated  (Fig.  36D). 

In  the  5  day  trochophore,  the  stomach  and  intestine  are 
demarcated  hy  a  septum  which  extends  from  the  ventral  wall 
of  the  alimentary  tract  (Fig.  28A).  The  septum  consists  of 
several  flattened,  weakly  ciliated  cells.  Ventrally  and 
laterally,  the  stomach  is  composed  of  thin, flattened,  cells 
along  its  entire  length.  The  vacuolated  cells  now  contain 
a  "blue- staining  flocculent  material  within  their  spherical 
vacuoles  and  possess  a  border  of  cilia  and  microvilli  on 
their  luminal  surfaces  (Fig.  30A,B).  The  concentration  of 
lipid  droplets  above  the  esophagus  and  in  the  region  of  the 
vacuolated  cells  has  decreased  so  that  only  a  few 
scattered  droplets  remain  (Fig.  28A) .  The  walls  of  the 
intestine  consist  of  thin , flattened, cells  with  pale- 
staining  nuclei  and  cytoplasm.  These  cells  appear  more 
heavily  ciliated  than  those  found  in  the  lower  stomach. 

The  stomach  and  intestine  are  highly  differentiated  in 
the  metatrochophore ,  while  the  esophagus  remains  little 
changed.  At  the  junction  between  the  esophagus  and  the 
stomach,  located  within  the  lumen  is  a  dense  border  of 
cilia  (Fig.  28B).  These  cilia  extend  into  the  lumen  from 
the  posterior  esophageal  cells.  Ventrally  and  anteriorly, 
the  stomach  consists  of  large, thick .vacuolated  cells  which 
contain  blue-staining  flocculent  material  within  the 
spherical  vacuoles  (Fig.  28C).  Each  of  these  cells 
possesses  several  large  vacuoles  surrounded  by  numerous 
smaller  vacuoles.  These  smaller  vacuoles  appear  to  coalesce 
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"to  form  the  larger  vacuoles.  Dorsally  the  stomach  is  compris¬ 
ed  of  flattened,  weakly  ciliated  cells  which  contain  large 
green-staining  lipid  droplets  (Fig.  28C).  Also  found  with¬ 
in  these  cells  are  smaller,  clear  spherical  vacuoles  which 
contain  irregularly  shaped  greenish- blue-staining  granules 
(Fig.  28D).  These  vacuoles  may  contain  zymogen  granules. 
Similar  cells  are  found  on  the  ventral  surfaces  of  the 
stomach  and  in  the  septum  dividing  the  stomach  and  the 
intestine.  The  intestinal  cells  are  much  thinner  on  the 
dorsal  surface  of  the  intestine  than  on  the  ventral  surface. 
They  contain  a  few  lipid  droplets  and  phagocytic  vacuoles 
(Fig.  37D).  The  intestinal  cells  have  pale-staining  nuclei 
and  cytoplasm  and  are  much  more  heavily  ciliated  than  those 
of  the  stomach  (Fig.  37D) . 

Throughout  the  development  of  the  larva,  the  esophagus, 
stomach  and  intestine  continue  to  grow.  In  the  metatrocho- 
phore  with  tentacle  buds,  gland  cells  are  beginning  to  form 
in  the  lateral  surfaces  of  the  esophagus.  A  pair  of 
cuboidal  cells  containing  granules  which  stain  pinkish- 
purple  have  appeared  (Fig.  29B).  These  cells  apparently 
are  precursors  of  the  esophageal  glands  found  in  the 
competent  larva.  Two  types  of  cells,  other  than  gland  cells, 
can  be  distinguished  within  the  esophageal  epithelium.  The 
first  type  which  lines  the  lumen  contains  a  pale-staining 
nucleus  and  cytoplasm  (Fig.  29k),  The  second  type  of  cell 
is  found  laterally  and  contains  a  dark-staining  nucleus  and 
cytoplasm  (Fig.  29A) .  The  vacuolated  cells  of  the  ventral 
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and  anterior  portions  of  the  stomach  continue  to  increase 
in  size  due  to  an  increase  in  the  number  of  vacuoles  within 
each  cell.  The  nuclei  of  these  cells  now  stain  dark  blue 
instead  of  pale  blue  as  seen  in  the  earlier  stages. 

The  esophagus  of  the  competent  larva  contains  3  types 
of  gland  cells.  Situated  laterally  and  anteriorly,  are  the 
cuboidal  cells  which  contain  pink  granules  (Fig.  38D) . 

Lying  ventrally  on  the  apical  surface  of  the  esophagus  and 
in  the  region  of  the  oral  hood  fold  are  gland  cells, 
irregular  in  shape,  which  contain  a  pink  flocculent  material 
in  which  are  found  numerous  blue  granules  (Fig.  29C).  The 
lumen  of  the  esophagus  is  heavily  ciliated  and  the 
epithelium  is  composed  of  2  cell  types  as  in  the  metatrocho- 
phore  with  tentacle  buds  (Fig.  29C). 

The  anterior  and  lateral  portions  of  the  stomach  are 
surrounded  by  the  vacuolated  cells  which  extend  along  the 
ventral  surface  of  the  stomach  (Fig.  29D).  These  cells 
continue  to  increase  in  size  by  the  multiplication  of  the 
spherical  vacuoles  contained  within.  These  cells  bear 
prominent  cilia  which  extend  into  the  lumen  of  the  stomach. 
Within  a  short  distance  of  these  vacuolated  cells  the 
stomach  consists  of  thin,  flattened,  epithelial  cells. 

These  cells  are  weakly  ciliated  and  contain  pale-staining 
nuclei  and  cytoplasm  which  contains  numerous  small  blue 
granules  which  are  presumptive  zymogen  granules.  The 
stomach  cells  also  contain  lipid  droplets  (Fig.  33D) . 

The  intestine  is  composed  of  flattened  cells  with  pale- 


: 

■ 

* 

■ 


staining  nuclei  and  cytoplasm  (Fig.  29D) .  Within  these 
cells  are  a  few  large  lipid  droplets.  The  intestinal 
cells  are  more  heavily  ciliated  than  those  of  the  lower 
stomach  particularly  in  the  region  of  the  anus. 

Nervous  System 

The  fully  developed  larval  nervous  system  consists  of 
a  cerebral  ganglion,  circumesophageal  commissures,  ventral 
ganglia,  a  subesophageal  ganglion  and  paired  ventral  nerve 
cords . 

The  cerebral  ganglion,  or  brain,  first  appears  in  the 
12  day  trochophore  larva.  It  is  located  dorsally  in  the 
episphere  directly  above  the  esophagus  and  lies  in  close 
association  with  the  epidermal  cells.  The  neuropile  of  the 
ganglion  can  be  distinguished  as  a  thin  band  of  cytoplasmic 
filaments  which  lie  ventrally  to  the  nuclei  of  the  nerve 
cell  bodies  and  the  apical  epidermal  cells  (Fig.  31A) .  The 
nuclei  of  the  nerve  cell  bodies  and  the  apical  epidermal 
cells  cannot  be  distinguished  from  one  another  at  this  point. 
Processes  of  the  neuropile  extend  amongst  the  nuclei  to  lie 
directly  below  the  apical  epithelium. 

In  the  me tatrochophore  the  neuropile  has  increased  in 
size  due  to  an  increase  in  the  nerve  fibers  and  extends 
along  the  sides  of  the  episphere  to  the  level  of  the 
peripheral  mucoid  glands  (Fig.  31C).  There  are  a  few 
scattered  nuclei  embedded  within  the  neuropile.  It  is  now 
bilobed  and  it  is  surrounded  by  a  layer  of  nerve  cell  bodies 
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on  the  anterior  surface.  The  eyespots  are  developing  by  the 
invagination  of  the  ectoderm  to  form  pigment  cup 
photoreceptors,  however,  they  are  not  embedded  within  the 
cerebral  ganglion  but  lie  peripherally  to  it  on  either 
side  of  the  episphere  (Fig.  31D) .  The  eyespots  are 
surrounded  by  the  apical  epidermal  cells  and  no  distinct 
optic  nerves  can  be  detected  connecting  them  to  the  gang¬ 
lion  at  this  stage. 

Lying  on  the  ventral  surface  of  the  esophagus  are  the 
dorsal  roots  of  the  circumesophageal  commissure  (Fig.  31B). 
They  appear  as  thin,  naked  nerve  processes  lying  on  either 
side  of  the  esophagus.  The  commissures  do  not  appear  to  be 
connected  to  the  cerebral  ganglion.  Distally  they  connect 
into  the  spheroid  ventral  ganglia  which  lie  postero- 
ventral  to  the  esophagus.  The  ventral  ganglia  are  composed 
of  a  central  neuropile  surrounded  by  a  few  scattered  nerve 
cell  bodies.  Lying  within  the  neuropiles  are  purple-stain¬ 
ing  granules  of  unknown  function.  The  ventral  roots  of  the 
circumesophageal  commissure  lie  below  the  epidermis  and 
extend  from  the  region  of  the  prototroch  to  the  ventral 
ganglia  (Fig.  31D) .  They  are  thin  unsheathed  tracts  of 
nerve  fibers  which  do  not  connect  to  the  cerebral  ganglion. 
The  subesophageal  ganglion  lies  ventrally  between  the 
esophagus  and  stomach  and  connects  the  two  ventral  ganglia 
(Fig.  31B).  It  is  composed  of  a  central  neuropile 
surrounded  by  a  thick  layer  of  nerve  cell  bodies. 

In  the  metatrochophore  with  tentacle  buds  and  the 
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compete  n't  larva  there  is  considerable  enlargement  of  the 
cerebral  ganglion  due  to  an  increase  in  the  number  of 
nerve  fibers  in  the  neuropile  (Figs.  32A,D,  33B) .  The 
eyespots  are  well  defined  with  the  pigment  granules 
organized  into  a  concave  cup  which  is  directed  antero- 
dorsally.  The  eyespots  are  embedded  within  the  nerve  cell 
bodies  of  the  cerebral  ganglion  and  thin  strands  of  nerve 
fibers  can  be  detected  running  into  the  base  of  the  eye- 
spots  (Fig.  33A) .  Similar  fibers  can  be  seen  running  to 
the  apical  sensory  cilia  (Fig.  33A) . 

The  dorsal  and  ventral  roots  of  the  circumesophageal 
commissures  are  now  connected  antero-ventrally  by  thin 
processes  which  run  along  the  muscles  of  the  episphere 
(Figs.  32A,  33B  ,C) .  The  subesophageal  ganglion  has  enlarg¬ 
ed  and  running  posteriorly  from  the  ventral  ganglia  are  the 
ventral  nerve  cords  (Figs.  32A,B,  33C).  They  lie  on  either 
side  of  the  neurotroch  and  consist  of  a  central  neuropile 
surrounded  by  nerve  cell  bodies  (Fig.  330) • 

Circulatory  System 

The  fully  developed  larval  circulatory  system  consists 
of  a  supraesophageal  vessel,  circumesophageal  vessels,  a 
dorsal  blood  vessel  leading  to  a  dorsal  blood  sinus,  and  a 
ventral  vessel  leading  into  a  ventral  blood  sinus. 

Forming  blood  vessels  of  the  circulatory  system  are 
seen  in  the  metatrochophore .  The  supraesophageal  vessel 
appears  in  the  episphere  dorsally  as  a  small  vessel  lying 
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directly  posterior  to  the  cerebral  ganglion  (Fig.  34a) . 

It  consists  of  a  small  lumen  surrounded  by  the  apposed 
surfaces  of  the  supraesophageal  mesentery.  The  two  circum- 
esophageal  vessels  appear  as  small  lumen  within  the 
mesenteries  extending  from  the  sides  of  the  esophagus 
(Fig.  3^A) .  They  originate  by  a  separation  of  the  apposed 
surfaces  of  the  mesenteries  (Fig.  35A) .  Associated  with 
the  mesenteries  which  form  the  blood  vessels  are  1  to  2 
prominent  nuclei  which  face  away  from  the  lumen  of  the 
vessels  (Fig.  35A) .  This  positioning  of  the  nuclei  is  common 
to  all  vessels  derived  from  the  mesenteries  in  this  and  later 
stage  larvae. 

In  the  me tatrochophore  with  tentacle  buds  and  the 
competent  larva,  the  supraesophageal  and  circumesophageal 
vessels  are  very  prominent.  The  supraesophageal  vessel 
is  composed  of  a  large  lumen  surrounded  by  a  thin 
membrane  derived  from  the  supraesophageal  mesentery 
(Fig.  34B) .  This  vessel  extends  over  the  dorsal  surface  of 
the  cerebral  ganglion  and  appears  to  connect  to  the  postero- 
dorsal  surface  of  the  cerebral  ganglion  and  the  dorsal  blood 
vessel.  The  blood  vessels  of  the  tentacles  will  be 
described  in  the  section  on  the  tentacles.  The  circum¬ 
esophageal  vessels  are  found  within  the  mesenteries  which 
extend  from  the  supraesophageal  muscle  to  the  sides  of  the 
esophagus  (Figs.  22D,  40A) .  On  the  medial-lateral  surface 
of  the  esophagus,  each  of  the  circumesophageal  vessels 
contains  2  lumena  lying  in  apposition  to  each  other,  while 
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on  the  dorso-lateral  and  dorso-ventral  surfaces  of  the 
esophagus  they  are  composed  of  a  single  lumen.  It  thus 
appears  that  the  circumesophageal  vessels  branch  on  the 
medial-lateral  surfaces  of  the  esophagus.  The  circum¬ 
esophageal  vessels  do  not  appear  to  connect  to  the  dorsal 
blood  vessel. 

The  dorsal  blood  vessel  is  now  present  and  extends 
along  the  dorsal  surface  of  the  esophagus  and  appears  to 
arise  as  a  lumen  within  the  dorsal  mesentery  (Fig.  34C). 

The  dorsal  blood  vessel  runs  into  the  dorsal  blood  sinus 
which  extends  dorso-laterally  over  the  entire  length  of 
the  gut  (Fig.  3^D) .  It  originates  by  a  separation  of  the 
mesodermal  epithelium  from  the  dorsal  and  lateral  walls  of 
the  gut  and  consists  of  a  large  lumen  surrounded  by  the 
mesodermal  epithelium  (Fig.  35B).  The  ventral  blood 
vessel  is  found  on  the  ventro-medial  surface  of  the 
posterior  portion  of  the  esophagus  and  the  anterior  portion 
of  the  stomach.  It  consists  of  a  small  lumen  which  was 
probably  derived  from  a  ventral  mesentery,  as  it  is 
surrounded  by  a  peritoneum  extending  from  the  ventral 
surface  of  the  body  wall.  The  ventral  blood  vessel  appears 
to  extend  into  a  large  ventral  blood  sinus  which  extends 
over  the  ventro-medial  surface  of  the  gut  to  the  ventro¬ 
lateral  surfaces  (Fig.  3^D) .  This  blood  sinus  appears 
to  be  derived  from  the  ventral  mesodermal  epithelium  of 
the  gut.  Within  all  blood  vessels  and  sinuses  is  found  an 
acellular  plasma. 


Gland  Cells 


The  gland  cells  include  the  epispheral  and  pygidial 
mucoid  glands  and  the  para thoracic  glands. 

A  unicellular,  epidermal  mucoid  gland  is  first 
observed  in  the  23  hour  trochophore  (Fig.  36A) .  By  46 
hours  there  is  a  pair  of  small  unicellular  mucoid  glands 
situated  in  the  episphere  above  the  prototrochal  cells. 

Each  gland  cell  is  spherical  in  shape  with  a  large  posterior¬ 
ly  located  nucleus.  Within  the  cytoplasm  are  numerous 
lipid  droplets  and  a  large,  pink-staining  (Richardson's 
stain)  reticulate  material.  In  the  65  hour  trochophore, 
the  cells  have  increased  in  size,  are  more  spherical  in 
shape,  and  are  beginning  to  lose  their  lipid  droplets. 

A  pore  is  present  in  each  cell  which  extends  from  the  apex 
of  the  vacuole  to  the  surface  of  the  cuticle  (Figs.  27A, 

36B). 

A  third  unicellular  epidermal  mucoid  gland  arises  on 
the  antero-ventral  surface  of  the  episphere  in  the  3*5  da y 
trochophore  (Fig.  36C).  It  is  larger  than  the  2  lateral 
mucoid  glands  and  appears  as  a  laterally  compressed  cell 
extending  across  the  apical  surface  of  the  episphere  (Fig. 
36C, D).  The  cell  is  covered  by  a  thin  epithelium  on  the 
apical  surface  and  contains  a  small  postero-laterally 
located  nucleus.  The  pink-staining  reticulate  material  is 
located  within  a  large  thin-walled  vacuole.  At  the  fine 
structural  level,  the  mucoid  secretion  is  composed  of  a 
fibrillar  material  (Fig.  39A,B). 
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In  the  12  day  trochophore,  the  mucoid  glands  of  the 
ante ro- lateral  surfaces  of  the  episphere  appear  as  either 
flattened  cells,  small  irregular  shaped  spheres,  or  as 
large  spherical  cells  (Fig.  37A,B).  The  nuclei  of  these 
unicellular  mucoid  cells  are  small  and  are  usually  lateral¬ 
ly  displaced.  The  mucoid  material  is  contained  within  large 
vacuoles  surrounded  by  thin  walls.  Pores  can  be  detected 
which  connect  the  vacuoles  to  the  outer  surfaces  of  the 
episphere  (Fig.  37A) .  Mucoid  glands  are  apparent  in  the 
postero-ventral  portion  of  the  elongating  hyposphere 
(Fig.  37B).  These  glands  appear  morphologically  identical 
to  the  mucoid  glands  of  the  episphere. 

The  unicellular  mucoid  glands  extend  over  the  entire 
ventral  and  lateral  surfaces  of  the  episphere  in  the 
metatrochophore  (Fig.  37C).  They  lie  adjacent  to  one 
another  and  are  the  major  cell  type  comprising  the 
epithelium  of  the  episphere.  These  unicellular  glands  are 
spherical  to  irregular  in  shape  with  basally  located  nuclei 
and  large  vacuoles  containing  the  reticulate  mucoid 
substance.  The  vacuoles  are  bound  laterally  and  apically 
by  thin  walls  which  separate  the  vacuoles  from  those  of  the 
adjacent  cells.  Scattered  over  the  surface  of  the  episphere 
between  the  apical  ends  of  the  mucoid  cells,  are  small 
loculated  gland  cells  (Fig.  37C) •  These  cells  contain 
numerous,  small,  clear,  locules  within  the  cytoplasm. 

Located  basally  below  these  locules  are  scattered  black 
pigment  granules  (Fig.  37C). 
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Mucoid  glands  are  also  present;  on  "the  ventral  and 
lateral  surfaces  of  the  pygidium  directly  below  the 
telotroch  (Fig.  37D) .  These  glands  are  identical  to  those 
of  the  episphere.  Lying  amongst  these  cells  are  small 
loculated  cells  very  similar  to  those  found  in  the  episphe¬ 
re  (Fig.  37D). 

Dif f ©rentiation  of  the  glands  of  the  parathoracic 
region  has  begun  in  the  me tatrochophore  with  tentacle  buds. 
The  various  types  of  gland  cells  present  at  this  time  are 
assigned  letters  that  correspond  to  the  fully-developed 
parathoracic  gland  cells  found  in  the  competent  larva. 
Located  on  the  ventral  parathoracic  surface  in  the  region 
of  the  ventral  longitudinal  muscles  are  gland  cells  which 
contain  purple  and  blue-staining  granules  (Fig.  32C). 

These  gland  cells  will  develop  into  gland  cell  types  A  and 
B  of  the  parathoracic  region  of  the  competent  larva. 

Located  above  these  gland  cells  are  other  gland  cells  which 
contain  a  pink-staining  flocculent  material  (Fig.  32C). 

These  gland  cells  will  be  referred  to  as  type  C  gland  cells. 
Within  the  pygidial  region,  the  number  of  mucoid  glands  has 
increased  so  that  below  the  telotroch  there  are  numerous 
spherical  gland  cells  containing  the  reticulate  material. 

Five  distinct  types  of  gland  cells,  designated  A  to  E, 
can  be  found  in  the  parathoracic  region  of  the  competent 
larva  based  on  their  morphology  and  staining  properties. 

The  cell  types  are  summarized  in  Table  2.  Located  medially 
surrounding  the  stomach  and  intestine  are  types  A  and  B 
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(Fig.  38B).  Type  A  is  the  most  conspicuous  gland  type  of 
the  parathoracic  region  and  contains  large,  pinkish- 
staining,  spherical  granules  approximately  4  .urn  in  dia¬ 
meter  which  hear  a  triradiate  mark  (Fig.  38B) .  Gland  cells 
of  type  B  are  found  amongst  cell  type  A,  as  well  as  being 
located  laterally  and  medially  below  the  parathoracic 
epithelium.  Type  B  cells  are  characterized  by  the  presence 
of  blue-staining  granules  c_a.  2  jum  in  diameter  within  their 
cytoplasm  (Figs.  33D,  38B) .  Type  C  gland  cells  are  found 
on  the  ventro-lateral  and  ventro-medial  surfaces  of  the 
parathoracic  segments  as  epidermal  cells  containing  either 
small  pink  granules  about  0.5  to  1  jum  in  diameter  or  pink 
flocculent  material  (Fig.  38B,C).  Type  D  gland  cells  are 
found  associated  with  type  C  cells  on  the  antero-ventral 
and  antero-medial  surfaces  of  the  parathoracic  region 
(Fig.  38C).  They  contain  pinkish-purple  granules  approx¬ 
imately  1.5  jum  in  diameter.  Type  E  gland  cells  are  found 
among  the  epidermal  cells  in  the  antero-ventral  para¬ 
thoracic  region  and  contain  blue  granules  approximately 
0.5  jjm  in  diameter  (Fig.  38B). 

The  building  organ  is  now  differentiated  at  this  stage 
as  a  horseshoe-shaped  structure  located  directly  below  the 
mouth  on  the  ventral  surface  (Fig.  38C,D).  The  gland 
cells  found  in  this  region  are  columnar  in  shape  and  are 
types  A  and  B  (Fig.  38C,D).  There  are  only  1  to  2  granules 
per  cell.  The  pygidium  contains  loculated  gland  cells 
amongst  the  numerous  mucoid  gland  cells  (Fig.  38A) .  The 
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"types  of  gland  cells  found  in  "the  "tentacles  are  described 
below. 

Tentacles 

Rudimentary  tentacles  first  appear  in  the  metatro- 
chophore  with  tentacle  buds,  approximately  four  and  one- 
half  weeks  after  fertilization.  These  tentacles  are  very 
short  with  a  developing  ciliary  tract  located  on  their 
ventral  surfaces  (Fig.  9C).  The  cells  of  the  ventral 
surface  are  cuboidal  in  shape  and  are  multiciliated.  Only 
one  type  of  gland  cell,  type  D,  is  present  and  it  contains 
pinkish-purple  granules.  These  cells  are  located  below  the 
other  epidermal  cells  in  the  connective  tissue  of  the 
tentacles.  There  is  no  evidence  to  suggest  that  pores 
extend  from  these  gland  cells  to  the  surface  of  the  tentacles 
Chromatophores  containing  pigment  granules  are  scattered 
amongst  the  epithelial  cells  on  the  dorsal  surface  (Fig.  40A) 

Within  the  center  of  the  tentacles  runs  a  bundle  of 
longitudinal  muscle  fibers  surrounded  by  connective  tissue. 

At  the  base  of  the  tentacles,  the  longitudinal  muscle  fibers 
appear  to  connect  to  the  supraesophageal  muscle  and  to  the 
sides  of  the  esophagus  via  thin  muscle  fibers  (Fig.  40A) . 

The  tentacles  of  the  competent  larva  measure  approx¬ 
imately  150  in  length.  As  described  above,  the  ventral 
surface  has  a  ciliated  tract  running  along  its  entire 
length  (Fig.  11A).  The  cells  comprising  the  ciliary  tract 
are  cuboidal  in  shape  and  possess  many  more  cilia  per  cell 
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than  the  same  cells  found  in  the  rudimentary  tentacles 
(Fig.  40B).  Chromatophores  containing  pigment  granules  are 
scattered  among  the  dorsal  epidermal  cells.  Both  type 
C  and  E  gland  cells  are  found  in  the  epidermis  of  the 
tentacles  (Fig.  40B).  They  are  found  on  the  dorsal  surface 
and  sides  of  the  tentacles.  The  distal  ends  of  these  cells 
extend  into  the  connective  tissue  of  the  tentacles  and  from 
their  proximal  ends  extend  pores  between  the  other  epidermal 
cells.  Unicellular  mucoid  glands  are  occasionally  found  on 
the  dorsal  surfaces  of  the  tentacles. 

Located  on  the  dorsal  surface  of  the  tentacles  are 
presumptive,  multiciliated  sensory  cells  (Fig.  40B) .  These 
cells  usually  possess  4  to  6  cilia  per  cell  and  their 
distal  ends  extend  into  the  connective  tissue  of  the  tenta¬ 
cles.  Presumably  nerve  fibers  run  through  the  connective 
tissue,  however,  they  cannot  be  resolved  at  the  light  micro¬ 
scopic  level. 

Extending  the  length  of  the  tentacles  are  longitudinal 
muscle  fibers  (Fig.  40C ) .  These  muscle  fibers  form  a 
central  core  in  the  distal  ends  of  the  tentacles.  At  the 
proximal  end  of  the  tentacle,  there  is  now  a  central  cavity 
lined  by  a  thin  peritoneum.  Within  the  central  cavity  lie 
two  distinct  coelomic  cavities  separated  by  a  double 
peritoneal  membrane  (Fig.  40D) .  Following  the  terminology 
of  Orrhage  (1978)  for  the  palps  of  adult  sabellariids ,  the 
coelomic  cavities  will  be  called  the  lateral  and  the  medial 
cavities.  The  coelomic  cavities  of  the  tentacles  are 


. 

. 


' 


separate  from  the  coelomic  cavity  of  the  body.  Between 
the  peritoneal  membrane  dividing  the  lateral  and  medial 
cavities  lies  a  blood  vessel  (Fig.  40D) .  A  ring  of 
muscle  surrounds  the  central  cavity  and  longitudinal 
muscles  insert  on  its  dorsal  and  ventral  coelomic  surfaces 
(Fig.  40D).  At  the  base  of  the  tentacles,  the  ring 
muscle  connects  to  the  prominent  supraesophageal  muscle 
and  to  the  longitudinal  trunk  muscles  situated  on  either 
side  of  the  esophagus  (Fig.  40A) . 
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C.  SETTLEMENT  AND  METAMORPHOSIS 


The  duration  of  larval  development  in  Sabellaria 
c erne n tar lum  ranged  anywhere  from  6.5  to  8.5  weeks.  Larvae 
displaying  the  morphological  characteristics  of  competency, 
however,  delayed  metamorphosis  for  over  2  months  in  the 
presence  of  an  appropriate  metamorphic  stimulus.  During 
the  process  of  metamorphosis,  the  planktonic  larva  is 
transformed  into  a  benthic,  sedentary  juvenile.  This 
chapter  will  present  results  from  the  metamorphic  induction 
experiment  and  describes  the  morphological,  behavioral, 
and  histological  changes  occurring  in  the  larvae  during 
metamorphosis . 

Indue tion  of  Metamorphosis 

Results  of  the  experiment  designed  to  test  the  effect 
of  different  types  of  substrates  on  the  induction  of 
metamorphosis  in  the  competent  larvae  are  only  preliminary. 
Sufficient  numbers  of  competent  larvae  were  not  available  to 
run  the  experiment  on  a  larger  scale.  The  results,  how¬ 
ever,  are  indicative  of  the  observed  field  distribution. 

Table  3  summarizes  the  results  of  the  experiment. 

After  18  days,  64 %  of  the  larvae  in  the  dish  containing  the 
sand  from  False  Bay,  San  Juan  Island  had  metamorphosed. 

Sixty  percent  of  the  larvae  metamorphosed  in  the  dish  with 
the  tube  sand  of  S.  cementarium ,  50%  in  the  dish  with  the 


tube  sand  of  Phragmatopoma  lapidosa,  and  32 %>  in  the  dish 
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with  the  tube  sand  of  Indanthrysus  ornamentatus .  Competent 
larvae  failed  to  metamorphose  in  the  control  dish. 

Throughout  the  summer  of  1980  several  hundred 
competent  larvae  were  raised  in  the  laboratory,  however, 
none  of  the  larvae  metamorphosed  in  the  culture  beakers. 
This  observation  is  in  agreement  with  the  findings  in  the 
experimental  control.  Results  of  this  experiment  suggest 
that  the  larvae  of  S.  cementarium  have  a  low  degree  of 
substrate  specificity  in  the  settlement  but  the  presence 
of  sand  is  essential. 

During  the  course  of  this  experiment,  observations 
were  made  to  determine  if  the  larvae  would  settle  individ¬ 
ually  or  in  aggregations.  The  majority  of  the  larvae  were 
observed  to  settle  in  pairs.  When  this  occurred  they 
orientated  their  tube  openings  away  from  each  other.  There 
were  only  two  occurrences  of  what  could  be  interpreted  as 
gregarious  settlement.  In  the  dish  containing  sand  of 
I,  ornamentatus  4  larvae  settled  in  close  proximity  to 
each  other  (Fig.  41),  while  in  the  dish  with  the  sand  from 
P.  lapidosa  5  larvae  settled  together  (Fig.  42). 

Morphology  and  Behavior  of  the  Metamorphosing  Larvae 

The  metamorphosing  larva  measures  approximately  350  jum 
in  length  and  is  characterized  by  the  anterior  rotation  of 
the  dorsal  tentacles  (Fig.  6D) .  The  tentacles  are  thus 
parallel  with  the  substrate  and  the  ciliated  tracts  on 
their  ventral  surfaces  lead  directly  into  the  mouth.  The 
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tentacles  are  very  contractile  and  are  capable  of  extending 
to  lengths  equal  to  that  of  the  body  of  the  larva.  The 
episphere ,  now  called  the  prostomium  (Eckelbarger ,  1975) 
undergoes  a  reduction  in  size  and  its  anterior  end  becomes 
ellipsoid  in  shape  (Fig.  6D) .  The  eyes  have  migrated 
closer  together  on  the  dorsal  surface  of  the  prostomium 
and  the  oral  hood  fold  surrounding  the  mouth  is  no  longer 
evident  (Fig.  6D) .  The  majority  of  the  prototrochal  cilia 
are  lost  so  that  only  a  few  scattered  cilia  remain  on  the 
posterior  margin  of  the  prostomium. 

As  the  provisional  setae  are  lost,  the  settling  paleae 
became  evident.  The  setal  sacs  originally  face  laterally, 
however,  they  eventually  rotate  anteriorly  so  that  the 
paleae  come  to  lie  between  the  tentacles  (Fig.  53A,B). 

At  this  time  the  opercular  cirri  also  rotate  anteriorly  so 
that  they  lie  on  the  outside  of  the  paleae.  The  setal  sacs 
and  the  opercular  cirri  are  now  collectively  referred  to 
as  the  opercular  peduncles  (Eckelbarger,  1978).  There  are 
approximately  6  pairs  of  settling  paleae  which  eventually 
will  be  replaced  by  the  primary  juvenile  paleae  (Fig.  53B) . 
On  the  ventral  surface  of  the  animal,  directly  below  the 
mouth,  the  building  organ  has  enlarged  to  become  a 
prominent  horseshoe-shaped  structure  (Figs.  6d,  53A) .  The 
larval  pigmentation  is  still  apparent  on  the  dorsal 
surface  of  the  prostomium.  The  trunk  is  divided  into  1 
thoracic  segment,  3  parathoracic  segments,  3  abdominal 
segments,  and  a  pygidium  (Figs.  6D,  53A) .  The  segments  are 
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delineated  on  the  dorsal  surface  of  the  animal  by  the  bands 
of  larval  pigmentation. 

Due  to  the  reduction  in  the  number  of  prototrochal 
cilia  the  metamorphosing  larva  is  no  longer  able  to  swim. 

It  crawls  over  the  substrate  employing  its  tentacles,  body 
segments,  and  telotroch  for  locomotion.  The  pygidium  is 
capable  of  bending  so  that  the  telotroch  is  raised  above 
the  substrate ,  thus  providing  the  propulsive  thrust  with 
its  cilia.  The  ventral  ciliation  of  the  tentacles  and  the 
undulations  of  the  body  also  aid  in  crawling.  The  direction 
of  movement  is  determined  by  the  tentacles  (Fig.  15C).  One 
of  the  tentacles  extends  to  its  full  length  while  the  other 
is  constricted.  The  larva  moves  in  the  direction  of  the 
extended  tentacle.  To  change  direction,  the  other  tentacle 
extends  and  the  once  extended  tentacle  becomes  retracted. 

The  larva  is  constantly  testing  the  substrate  during 
the  process  of  metamorphosis.  The  larva  is  capable  of 
using  its  tentacles  to  pull  sand  grains  to  the  building 
organ  and  the  mouth  where  they  are  rubbed  against  them. 

The  sand  particles  are  then  rejected  posteriorly  by  the 
neurotroch.  Often  these  sand  grains  are  ingested  by  the 
larva  and  their  passage  through  the  digestive  tract  of  the 
larva  can  be  followed. 

Following  the  morphological  changes,  the  larva 
constructs  a  mucoid  tube.  The  tube  is  attached  to  the 
substrate  and  completely  surrounds  the  larva.  Initially 
only  the  provisional  setae  are  cemented  to  the  tube,  but 
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the  larva  soon  begins  to  cement  sand  grains  to  it.  The 
larva  uses  its  tentacles  to  convey  sand  grains  to  the 
building  organ  where  they  are  cemented  to  the  tube  via  the 
cement  from  the  building  organ.  Large  sand  grains  are 
often  grasped  by  the  tentacles  and  pulled  directly  to  the 
tube.  These  sand  particles  are  often  several  times  the 
size  of  the  body  of  the  juvenile  and  appear  to  be  rubbed 
against  the  oral  area  before  they  are  transferred  to  the 
outside  of  the  tube. 

The  larvae  never  extend  more  than  one-half  of  their 
body  lengths  outside  of  their  tubes.  They  rapidly  with¬ 
draw  into  their  tubes  in  response  to  vibrations  or  shadows 
and  they  place  a  large  piece  of  sand  over  the  tops  of  the 
entrance  of  their  tubes  which  apparently  functions  as  an 
operculum.  The  larvae  only  retract  far  enough  into  their 
tubes  so  they  are  covered  from  the  top  by  the  opercular 
sand  grains. 

Based  upon  the  observations  on  several  metamorphosing 
larvae,  it  appears  that  the  initial  events  of  metamorphosis 
take  approximately  2  days  to  complete,  culminating  in  the 
formation  of  the  mucoid  tube.  Metamorphosis  is  considered 
to  be  complete  when  the  caudal  appendage  is  formed.  In 
S.  cementarium  this  occurs  approximately  7  to  10  days  after 
the  initial  events  of  metamorphosis. 

Histological  Changes  During  Metamorphosis 


To  determine  the  histological  changes  occurring  during 
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metamorphosis,  serial  sections  of  juveniles  of  approximately 
one,  two  and  three  days  post-settlement  were  prepared  and 
they  were  compared  with  the  sections  of  the  competent  larvae. 
The  one  day  post-settled  juvenile  displayed  the  external 
morphological  changes  characteristic  of  metamorphosis, 
however,  a  tube  had  not  yet  been  secreted.  The  two  and 
three  day  post-settled  juveniles  both  possessed  a  mucoid 
tube,  however,  only  the  three  day  juvenile  had  begun  to 
cement  sand  grains  to  the  tube.  The  structures  to  be 
examined  are  as  follows:  body  wall,  muscle  system,  coelom, 
alimentary  tract,  nervous  system,  and  gland  cells.  Table  4 
summarizes  the  histological  changes  that  occur  during 
metamorphosis . 

Body  Wall 

The  following  structures  were  examined  in  the  body 
walls  of  the  post-settled  juveniles:  cuticle,  epidermis, 
and  setal  sacs, 
i)  Cuticle: 

No  changes  are  observed  in  the  cuticle  of  the  first  and 
second  day  post-settled  juveniles.  The  cuticle  appears  to 
be  identical  to  those  of  the  larval  stages.  In  the  two 
day  post-settled  juvenile,  a  thin  cuticle  can  be  observed 
overlying  the  regions  of  glandular  discharge  within  the 
parathoracic  region  (Fig.  43A) .  This  cuticle  is  secreted 
by  a  thin  epithelium  lying  directly  above  the  longitudinal 
muscles  on  the  dorsal  and  ventral  surfaces  of  the  animal. 
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It  is  not  known  whether  or  not  the  cuticle  is  secreted 
before  the  glands  discharged  or  immediately  after  they 
discharged.  By  three  days  post-settlement,  the  cuticle 
has  increased  in  thickness  particularly  in  the  prostomial 
and  parathoracic  regions.  It  appears  to  be  composed  of  two 
layers.  The  outer  layer  is  a  thin  dark-staining  layer  and 
situated  below  it  is  a  thicker  layer  which  stained  lightly. 
(Fig.  43B).  The  cuticle  is  wrinkled  in  the  prostomial  and 
parathoracic  regions  and  has  separated  away  from  the  under¬ 
lying  epidermal  cells  (Fig.  47D) .  Presumably,  this  is  a 
fixation  artifact.  The  cuticle  of  the  adult  appears 
similar  in  that  it  also  consists  of  a  darkly- staining 
layer  lying  above  a  lighter  staining  inner  layer  (Fig.  52A). 
ii)  Epidermis: 

The  epidermis  of  the  first  and  second  day  post-settled 
juveniles  is  similar  to  that  of  the  competent  larva.  The 
epidermis  consists  of  a  simple  squamous  epithelium, 
particularly  in  the  regions  of  the  stomach  and  intestine 
(Figs.  48A,  51C).  The  epidermal  cells  continue  to  flatten 
and  lengthen  while  the  juvenile  becomes  thin  and  vermiform 
(Fig.  47C).  By  2  days  post-settlement,  scattered,  spherical, 
epidermal  mucoid  cells  are  appearing  within  the  prostomium. 
The  mucoid  cells  contain  basally  located  nuclei  and  apical 
spherical  vacuoles  filled  with  non-re ticulate  mucoid 
substances  (Fig.  44D).  By  3  days  post-settlement  these 
mucoid  cells  are  present  along  the  dorsal,  lateral,  and 
ventral  surfaces  of  the  prostomial  and  parathoracic  regions 
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(Figs.  44D,  47C, D) •  They  represent  the  major  cell  type 
found  within  the  epidermis  of  the  anterior  region  of  the 
juvenile.  It  is  not  known  if  these  mucoid  cells  are 
retained  throughout  the  life  of  the  juvenile  nor  is  their 
function  known.  There  are,  however,  numerous  gland  cells 
within  the  epidermis  of  the  adult  (Fig.  52A). 

The  proto trochal  and  telotrochal  cells  are  identical 
to  those  of  the  competent  larva  in  the  first  day  of  post¬ 
settlement  except  for  the  reduction  in  the  amount  of 
cilia-tion  (Fig.  44A) .  During  the  second  day  the  prototrochal 
cells  are  reduced  to  sparsely  ciliated,  flattened  cells 
(Fig.  44b) ,  and  in  the  third  day  the  prototrochal  cells  are 
no  longer  distinguishable  (Fig.  44D) .  Presumably  they  are 
resorbed  rather  than  shed.  The  telotrochal  cells  are 
gradually  decreasing  in  size  but  are  still  recognizable  in 
the  three  day  post-settled  juvenile  (Fig.  44C). 
iii)  Setal  Sacs: 

During  the  first  day  of  settlement  the  setal  sacs 
rotate  anteriorly,  the  provisional  setae  are  shed,  and  the 
settling  paleae  become  apparent.  Histologically,  the  setal 
sacs  appear  similar  to  those  of  the  competent  larva  (Fig. 

45A) .  By  the  second  and  third  days  of  post-settlement  the 
setal  sacs  have  undergone  histolysis  (Figs.  45B,C).  They 
have  decreased  in  diameter  from  70  ^um  to  about  45  jjim.  The 
lateral  and  basal  vacuoles  of  the  setal  sacs  have  disappear¬ 
ed  and  there  has  been  a  reduction  in  the  number  of  chaeto- 
blast  and  lateral  cells.  The  chaetoblast  cells  that  secrete 
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the  settling  and  primary  paleae  are  located  basally  within 
the  sacs,  and  the  lateral  cells  line  the  follicles  in  which 
the  paleae  lie  (Figs.  45B,C).  Histological  sections  show 
that  the  settling  paleae  are  composed  of  parallel  long¬ 
itudinal  channels  (Fig.  45A) .  The  setal  sacs  of  the 
uncmigerous  and  parapodial  lobes  did  not  undergo  histologi¬ 
cal  changes  at  metamorphosis  (Fig.  45D) .  The  changes  which 
occurred  in  the  setal  sac  musculature  at  metamorphosis  will 
be  described  in  the  following  section. 

Muscle  System 

There  is  considerable  reorganization  of  the  muscles 
within  the  developing  prostomium  during  metamorphosis  while 
the  trunk  musculature  remains  relatively  unchanged.  In  the 
first  day  of  post-settlement,  the  setal  sac-esophageal 
muscle  complex  appears  disorientated  and  is  undergoing 
histolysis.  The  once  prominent  supraesophageal  muscle 
remains  now  as  a  thin  broken  band  of  fibers  which  is  no 
longer  connected  to  the  setal  sac  muscles  (Fig.  46B).  The 
setal  sac  muscles  still  form  a  muscular  capsule  around  the 
internal  surfaces  of  the  setal  sacs,  however,  the  anterior 
and  medial  connections  of  the  setal  sac  muscles  to  the 

esophagus  and  to  the  longitudinal  muscles  appear  as  broken 

/ 

bundles  of  fibers  (Fig.  46C).  The  medial  branch  of  the 
prototrochal  muscle,  which  once  inserted  on  the  esophageal- 
stomach  junction,  is  no  longer  distinguishable  (Fig.  46a)  . 
The  setal  sacs  are  still  connected  to  the  longitudinal 
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muscles  by  a  thin  posterior  branch.  The  longitudinal 
muscles  run  along  the  dorsal  and  ventral  surfaces  of  the 
juvenile,  extending  from  the  region  of  the  setal  sacs  to  the 
pygidial  region  (Fig.  46D) .  Branches  of  the  dorsal  longitudi¬ 
nal  muscle  project  into  the  parapodial  and  uncinigerous 
lobes  of  the  trunk. 

There  is  continued  histolysis  of  the  setal  sac- 
esophageal  muscle  complex  and  by  the  third  day  no  trace  of 
the  supraesophageal  muscle  is  found  (Figs.  4?A,D).  The 
setal  sac  muscles  are  greatly  reduced  and  they  form  a  thin 
muscular  layer  surrounding  the  internal  surfaces  of  the 
setal  sac  in  the  two  day  post-settled  juvenile  (Fig.  47B)  . 

By  the  third  day  they  are  barely  visible  in  one  micrometer 
sections  (Fig.  47C).  There  are  no  traces  of  the  anterior  and 
medial  connections  of  setal  sacs  to  the  longitudinal  muscles, 
however,  the  posterior  connection  to  the  longitudinal 
muscles  is  retained  (Figs.  47B,C).  The  dorsal  and  long¬ 
itudinal  muscles  give  off  branches  into  the  regions  of  the 
segmental  septa  which  are  connected  to  the  muscles  of  the 
alimentary  tract  (Figs.  47C,D).  The  circular  muscles  of  the 
body  wall  are  retained  as  thin  bands  of  muscles  between  the 
epidermis  and  longitudinal  muscles. 

Coelom 

At  metamorphosis  a  coelomic  cavity,  the  head  coelom, 
is  formed  within  the  developing  prostomium  (Fig.  43C).  It 
appears  as  a  long  narrow  cavity  situated  directly  anterior 
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to  the  cerebral  ganglion  in  the  antero-dorsal  and  antero¬ 
medial  portions  of  the  prostomium.  It  originates  by  a 
separation  of  the  cerebral  ganglion  from  the  overlying 
epidermis.  Within  the  lower  portion  of  the  prostomium  lies 
a  large  coelomic  cavity  which  is  the  remnant  of  the  primary 
larval  coelomic  cavity  (Fig.  43C).  Located  within  the  trunk 
are  the  segmental  coelomic  cavities.  Thin  septa  which  arise 
from  the  peritoneal  membrane  lying  against  the  longitudinal 
muscles  separate  the  segmental  coelomic  cavities.  Within 
the  pygidium  lies  a  large  coelomic  cavity  which  presumably 
will  form  the  coelom  of  the  caudal  appendage  of  the  older 
juveniles  and  adults  (Fig.  43D)  . 

Alimentary  Tract 

The  organs  of  the  alimentary  tract  are  retained  during 
metamorphosis,  however,  the  esophagus  and  stomach  undergo 
modification.  During  the  reorganization  of  the  larval 
episphere  into  the  prostomium,  the  antero-ventral  glands 
of  the  esophagus,  which  contain  a  pink  flocculent  material, 
are  discharged  as  are  the  gland  cells  containing  pink- 
staining  granules  which  are  located  apically  and  laterally 
within  the  esophageal  epithelium  (Fig.  48A)  .  Only  the 
gland  cells  with  the  purple-staining  granules  are  retained 
and  they  are  now  scarce  (Fig.  48A) .  In  the  competent  larva 
the  esophageal  epithelium  is  composed  of  2  cell  types,  how¬ 
ever,  by  the  second  and  third  days  of  post-settlement  only 
the  dark- staining  cells  are  prominent  within  the  esophagus 
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(Figs  48C ,D).  The  light-staining  cells  are  scarce. 

By  the  second  day  of  post-settlement  the  vacuolated 
cells  of  the  stomach  have  undergone  hypertrophy  (Fig.  49A) . 
The  vacuoles  have  increased  in  size  several  times  compared 
to  those  of  the  one  day  post-settled  juvenile  (Fig.  48B) . 
Associated  with  the  hypertrophy  is  a  proliferation  of  the 
lipid  droplets  and  presumptive  zymogen  granules  within  the 
vacuolated  cells  and  the  other  cells  of  the  stomach  (Fig. 
4-9A)  .  Presumably  the  lipid  droplets  provide  the  nutrition 
for  the  juvenile  while  the  stomach  is  being  reorganized. 

In  the  three  day  post-settled  juvenile,  the  vacuolated  cells 
of  the  stomach  obliterate  the  lumen  of  the  stomach  and  they 
have  begun  to  dissociate  (Fig.  49C).  Phagocytic  cells 
containing  numerous  presumptive  zymogen  granules  and  the 
cytoplasmic  contents  of  the  vacuolated  stomach  cells  are 
becoming  apparent  within  the  stomach  epithelium.  Within 
the  intestinal  lumen  are  found  dissociated  vacuolated  cells 
and  phagocytic  cells  (Fig.  49C,D).  Also  located  within  the 
intestine  are  numerous  zymogen  granules  and  cytoplasmic 
contents  of  cells  which  are  presumably  discharged  from  the 
dissociating  vacuolated  cells.  Within  the  lumen  of  the 
esophagus  and  also  in  the  intestine  are  found  spherical 
mucoid  cells  from  the  epidermal  epithelium  (Fig.  49D) . 
Presumably  they  are  ingested  by  the  juvenile  but  how  they 
are  released  from  the  epidermis  is  not  known.  Vacuolated 
stomach  cells  are  not  apparent  within  the  alimentary  tracts 
of  adults  so  it  is  assumed  that  they  are  completely  lost 
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during  metamorphosis  (Fig.  528).  No  morphological  changes 
are  noted  in  the  intestine  during  metamorphosis. 

Nervous  System 

The  juvenile  nervous  system  consists  of  a  cerebral 
ganglion,  circumesophageal  commissures,  a  subesophageal  gang¬ 
lion,  ventral  ganglia,  and  paired  ventral  nerve  cords. 

These  ganglia  are  present  in  the  competent  larva  and  are 
the  major  components  of  the  adult  nervous  system  as 
described  by  Orrhage  (1978). 

In  the  one  day  post-settled  juvenile  the  bilobed 
cerebral  ganglion  has  increased  in  size  due  to  an  increase 
in  the  number  of  nerve  fibers  within  the  neuropile  (Fig. 

50A) .  It  occupies  a  medial  position  within  the  prostomium 
directly  below  the  coelomic  cavity.  Four  prominent  optic 
ganglia  are  present  for  the  first  time  and  they  connect  the 
four  eyespots  to  the  cerebral  ganglion  (Fig.  50A)  .  The 
eyespots  are  simple  ocelli  and  resemble  those  described  for 
Armandia  brevis  (Hermans  and  Cloney,  i960;  Hermans,  1969) 
and  the  trochophores  of  Harmothoe  imbricata  (Holborow  and 
Laverack,  1972).  The  ocelli  appear  to  be  of  the  microvillar 
(rhabdomeric )  type  of  photoreceptor  (Fig.  50A)  .  They  are 
composed  of  a  concave  shaped  pigment  cell  which  faces 
ante ro- dors ally  and  a  microvillar  receptor  cell  lies  within 
the  pigment  cup.  The  presumptive  microvilli  of  the  receptor 
cell  appear  as  pale-staining  cytoplasmic  filaments  lying 
against  the  granules  of  the  pigment  cell.  The  optic  ganglia 
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lead  directly  into  the  receptor  cells. 

The  other  ganglia  have  undergone  considerable  enlarge¬ 
ment  during  metamorphosis  and  some  have  shifted  in  position 
due  to  changes  within  the  prostomium.  The  dorsal  and 
ventral  roots  of  the  circumesophageal  commissures  appear  to 
have  shortened  and  have  undergone  considerable  enlargement 
as  a  result  of  the  increase  in  the  number  of  nerve  fibers 
(Fig.  50B) .  They  have  shifted  anteriorly  and  lie  close  to 
the  ventral  epidermis.  The  ventral  ganglia  lie  directly 
below  the  building  organ  on  either  side  of  the  esophagus 
and  are  connected  to  each  other  by  a  subesophageal  ganglion 
(Fig.  50C).  The  paired  ventral  nerve  cords  arise  from  the 
ventral  ganglia  and  extend  posteriorly  along  the  ventral 
surface  of  the  trunk  between  the  muscles  and  the  epithelium 
(Fig.  50D). 

Gland  Cells 

The  larval  glandular  elements  undergo  considerable 
changes  at  metamorphosis.  In  the  first  day  of  settlement 
the  apical  unicellular  mucoid  glands  are  discharged  in 
conjunction  with  the  reorganization  of  the  episphere  into 
the  prostomium  (Fig.  5 1A) .  The  lateral  mucoid  glands  of 
the  episphere  are  still  present  within  the  prostomium, 
however,  they  have  undergone  internal  reorganization  (Fig. 
51A) .  Within  the  apical  vacuoles  of  these  cells,  the 
reticulate  material  is  breaking  down  into  irregular- shaped 
mucoid  droplets.  The  unicellular  mucoid  glands  are  being 


replaced  by  unicellular  loculated  glands  which  are  located 
on  the  apical  and  lateral  surfaces  of  the  prostomium  (Fig. 
51A) .  These  loculated  cells  are  columnar  in  shape  and 
contain  basally  located  nuclei.  Their  apical  cytoplasm  is 
filled  with  numerous  locules.  The  mucoid  glands  of  the 
pygidium  are  also  decreasing  in  number  and  are  being 
replaced  by  the  loculated  gland  cells  (Fig.  51B) .  Assoc¬ 
iated  with  the  increased  size  of  the  building  organ,  is  an 
increase  in  the  number  of  gland  cells  located  within  it 
(Fig.  50C -)-•■  No  changes  are  noted  within  the  parathoracic 
glands  at  this  time . 

By  the  second  day  of  settlement  the  mucoid  cells  of  the 
prostomium  are  absent  and  apparently  have  been  replaced  by 
the  unicellular  loculated  glands  (Fig.  4?B) .  Within  the 
parathoracic  region  all  five  types  of  gland  cells  (A-E) 
are  still  present,  however,  there  has  been  a  discharge  of 
glandular  material  (Fig.  43A,  51C).  Presumably  the  para¬ 
thoracic  gland  cells  are  involved  in  the  formation  of  the 
primary  mucoid  tube.  On  the  dorsal  and  ventral  surfaces  of 
the  parathoracic  region  are  located  large  patches  of 
glandular  discharge  which  are  marked  by  the  collapse  of  the 
epidermal  epithelium,  so  that  the  epithelium  comes  to  lie 
over  the  longitudinal  muscles  (Fig.  43A) .  It  appears  that 
gland  cell  types  A  and  B  are  the  major  glands  discharged 
within  these  regions. 

In  the  three  day  post-settled  juvenile  there  is  a 
reduction  in  the  number  of  gland  cells  within  the  para- 


. 


72 


thoracic  region.  Type  A  and  type  B  gland  cells  are  still 
present  but  are  greatly  reduced  in  number  as  compared  to 
the  competent  larva  and  the  one  day  post-settled  juvenile 
(Figs.  47C,  51D) •  Gland  cell  types  C,  D,  and  E  are  present 
but  they  are  very  scarce  and  are  restricted  to  the  apical 
regions  of  the  parathoracic  segments.  Within  the  building 
organ  the  gland  cells  are  very  abundant  despite  the  fact  that 
sand  grains  are  now  being  cemented  to  the  mucoid  tube 
(Fig.  51D) •  Within  the  pygidium  the  mucoid  cells  are  almost 
entirely  replaced  by  the  loculated  gland  cells. 

Examination  of  the  adults  shows  that  well-developed 
gland  cells  are  present  within  the  building  organ  (Fig.  52D). 
These  glands  are  involved  in  the  cementing  of  the  sand 
grains  to  the  tube.  Loculated  gland  cells  are  not  present 
within  the  adult  prostomium.  Within  the  body  segments  of 
the  adult  the  parathoracic  glands  are  no  longer  present 
(Fig.  52C).  From  this  observation  it  can  be  proposed  that 
the  primary  function  of  the  parathoracic  glands  is  the 
secretion  of  the  mucoid  tube  around  the  juvenile  stages. 
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D.  DEVELOPMENT  OF  JUVENILE  WORMS 


J5  Days  Post-Settlement 

The  juvenile  is  approximately  400  jum  in  length  and 
possesses  a  single  pair  of  tentacles  which  appear  corrugat¬ 
ed  (Fig.  53C).  A  second  pair  of  tentacles  is  beginning  to 
form  posterior  to  the  primary  tentacles  and  they  appear  as 
small  outgrowths  on  the  lateral  surfaces  of  the  body 
(Fig.  53C).  The  primary  tentacles  bear  the  larval  pigmenta 
tion  on  their  dorsal  surfaces.  Located  on  the  ventral 
surfaces  of  the  primary  tentacles  are  ciliated  food  grooves 
and  in  the  regions  of  the  corrugations  are  stiff  cilia 
which  may  be  sensory  in  function  (Fig.  53C).  There  is  an 
aggregation  of  black  pigment  granules  on  the  ventral 
surface  of  the  prostomium  (Fig.  53C).  The  four  eyespots 
have  migrated  closer  together  so  that  they  are  located 
medially  on  the  dorsal  surface  of  the  prostomium.  The 
opercular  cirri  have  elongated  and  are  located  on  either 
side  of  the  primary  settling  paleae  (Fig.  53C).  There  are 
two  bundles  of  barbed  settling  paleae  originating  from  the 
setal  sacs. 

The  body  is  divided  into  1  thoracic  segment,  3  para- 
thoracic  segments,  3  abdominal  segments,  and  a  pygidium. 

The  larval  pigmentation  is  still  apparent  on  the  dorsal 
surface  of  the  trunk  and  delineates  the  segments  (Fig.  53C) 
The  uncinigerous  lobes  have  elongated  and  are  facing 
postero-laterally .  The  telotroch  has  disappeared  and  there 
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is  a  large  reddish- black  pigment  patch  in  the  region  of  the 
pygidium  (Fig.  53C).  The  first  trace  of  the  developing 
caudal  appendage  is  apparent  directly  posterior  to  the 
pygidium  (Fig.  53c). 

1 8  Days  Post- Settlement 

The  juvenile  measures  about  450  jam  in  length  and  is 
characterized  by  the  presence  of  3  pairs  of  tentacles 
(Fig.  53D*  54A).  The  primary  pair  are  the  longest  and 
originate  from  the  larval  stage.  Situated  at  the  tips  of 
the  primary  tentacles  are  reddish- black  pigment  spots.  A 
third  pair  of  tentacles  is  forming  anterior  to  the  primary 
tentacles  on  either  side  of  the  operculum  (Fig.  530).  A 
prominent  ciliated  food  groove  runs  down  the  ventral 
surfaces  of  all  the  tentacles  (Fig.  54B).  Located  at  the 
corrugations  on  the  primary  and  second  pair  of  tentacles 
are  the  thick  bundles  of  cilia  (Fig.  54B) .  The  sensory 
cilia  that  are  formed  in  the  larval  stages  are  still 
apparent  on  the  dorsal  surfaces  of  the  primary  tentacles. 

The  prostomium  possesses  2  reddish-black  eyespots  and 
lacks  most  of  the  larval  pigmentation  which  was  originally 
present  on  the  dorsal  surface.  Nucal  spines,  while  present 
in  most  other  sabellariid  species  (Eckelbarger ,  1978),  are 
lacking  on  the  dorsal  surface  of  the  prostomium  in  S. 
cementarium.  The  opercular  cirri  situated  on  either  side 
of  the  operculum  have  continued  to  elongate.  There  are  now 
three  types  of  paleae  present  within  the  setal  sacs.  Some 
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of  the  long  primary  paleae  are  still  present  and  are 
located  ventrally  within  the  operculum  (Figs.  53D,  55B) . 
Primary  outer  paleae  are  present  and  form  the  opercular 
cone.  Located  internally  to  these  outer  paleae  are  the 
primary  inner  paleae  (Fig.  55B). 

Segmentation  of  the  body  can  be  delineated  externally 
and  no  new  segments  have  formed  since  the  competent  larva. 
Parapodial  lobes  are  now  present  on  the  thoracic  segments 
and  are  directed  laterally  (Figs.  53 D,  5^A) .  Numerous 
tufts  of  presumptive  sensory  cilia  are  seen  on  the  thoracic 
segments  by  SEM  examination  (Fig.  ) .  The  abdominal 
uncinigerous  lobes  have  greatly  elongated  and  face 
laterally  (Figs.  53D,  55A) .  The  bands  of  larval  pigment¬ 
ation  found  on  the  dorsal  surface  of  the  trunk  are  begin- 
ing  to  disappear. 

Perhaps  the  most  apparent  morphological  change 
occurring  in  the  juvenile  of  this  stage  is  the  appearance 
of  the  caudal  appendage  which  is  achetous  and  curved 
anteriorly  (Figs.  53D,  55A).  At  the  junction  between  the 
abdominal  segments  and  the  caudal  appendage  is  located  a 
prominent  patch  of  reddish- black  chromatophores  which 
represents  the  last  vestige  of  the  pygidium.  The  stomach 
can  be  detected  as  two  bulbous  swellings  within  the 
abdominal  segments  leading  into  the  intestine  which  extends 
into  the  caudal  appendage  (Fig.  53D) . 
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38  Days  Post- Settlement 

The  juvenile  measures  approximately  550  urn  in  length 
and  bears  three  pairs  of  tentacles  (Fig.  56 A).  The 
primary  pair  are  still  the  longest  and  are  distinguished 
by  the  reddish- black  pigment  spots  located  at  their  tips. 
The  primary  tentacles  will  form  the  prostomial  palps  of 
the  older  juveniles  and  adults.  The  second  and  third  pairs 
of  tentacles  have  increased  in  length  but  remain  much 
narrower  than  the  primary  tentacles  (Fig.  56B) .  The 
juvenile  has  lost  all  of  the  settling  paleae  (Fig.  56B). 
Located  within  the  setal  sacs  are  the  outer,  middle  and 
inner  primary  paleae  which  form  the  operculum  (Fig.  58 B) . 

The  larval  pigmentation  on  the  dorsal  surface  of  the 
juvenile  has  completely  disappeared  and  the  larva  appears 
light  brown  in  color  (Fig.  56A) .  The  body  is  divided 
into  2  thoracic,  3  parathoracic ,  and  3  abdominal  segments 
(Fig.  56A) .  The  number  of  setae  has  increased  in  the 
parapodial  lobes  of  both  the  parathoracic  and  thoracic 
segments  as  have  the  number  of  uncini  within  the  uncini- 
gerous  lobes.  The  pigmentation  demarcating  the  junction 
between  the  third  abdominal  segment  and  the  caudal 
appendage  has  disappeared.  The  caudal  appendage  is 
approximately  one-quarter  to  one-third  the  length  of  the 
body  (Fig.  56A) •  This  is  the  most  advanced  stage  to  which 
juveniles  were  raised  in  the  laboratory. 

A  second  pair  of  setal  sacs  will  form  in  the  later 
stage  juveniles  in  which  more  opercular  paleae  will  be 
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formed.  The  opercular  paleae  will  continue  to  be  replaced 
until  the  adult  opercular  paleae  are  formed  within  the 
sacs.  No  estimate  can  be  made  of  the  replacement  rate 
or  how  many  sets  of  juvenile  paleae  are  present  in 
S.  cementarium.  Eckelbarger  (1975)  estimates  the  rate  of 
replacement  of  juvenile  paleae  in  S.  vulgaris  to  be  from 
one  to  two  weeks  and  presumably  the  replacement  rate  for 
S.  cementarium  is  similar. 
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DISCUSSION 


A.  LARVAL  DEVELOPMENT  AND  BEHAVIOR 

All  members  of  the  family  Sabellariidae  appear  to  be 
polytelic  in  their  reproduction.  Clark  (1978)  defines  a 
polytelic  species  as  one  that  spawns  all  its  gametes  in 
one  batch  but  survives  spawning.  Polytelic  species 
usually  have  restricted  breeding  seasons,  however,  this 
study  and  that  of  Winesdorfer  (1967)  have  shown  that  ripe 
gametes  are  present  in  Sabellaria  cementarium  throughout  the 
year.  Does  S.  cementarium  in  fact  breed  year-round?  In 
light  of  the  assumption  by  McNulty  and  Lopez  (1969)  that 
the  presence  of  gametes  throughout  the  year  means  a  year- 
round  breeding  season,  S.  cementarium  would  be  expected  to 
breed  year-round.  However,  Schroeder  and  Hermans  (1975) 
point  out  that  this  assumption  is  invalid,  as  Wilson  (1970b) 
has  shown  that  despite  the  presence  of  fertilizable 
gametes  in  S.  sninulosa  throughout  the  year,  it  only  has 
a  3-4  month  breeding  season.  Furthermore,  those  species 
that  are  known  to  breed  all  year  are  restricted  to  warm 
water  areas.  It,  therefore,  is  unlikely  that  S. 
cementarium  from  a  cold  temperate  faunal  province,  as 
defined  by  Briggs  (1974),  would  spawn  throughout  the  year. 

It  is  possible  to  estimate  the  season  of  spawning  of 
S.  cementarium  from  the  work  of  Bhaud  (1972)  who  has 
pointed  out  that  the  timing  of  polychaete  reproduction  is 
correlated  with  latitudinal  position;  populations  from 
cold  waters  spawn  in  the  summer,  while  those  from  warm 
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waters  tend  to  spawn  in  the  winter.  Bhaud  (1972)  has 
shown  that  _S.  alveolata  and  S_.  spinulosa  populations  from 
the  Mediterranean  spawn  in  the  winter,  while  those  from 
Scandinavian  waters  spawn  in  the  summer.  Curtis  (1978) 
shows  similar  patterns  for  populations  of  S.  vulgaris  from 
the  Atlantic  coast  of  North  America.  Based  on  this 
information,  it  is  probable  that  S.  cementarium  has  a 
summer  breeding  season. 

In  S.  cementarium ,  the  gametes  are  released  through 
the  nephridial  openings  of  the  gamete  bearing  abdominal 
segments  which  appear  to  be  common  to  all  sabellariids 
(Waterman,  193*0  •  The  sperm  of  S.  cementarium  has  a 
spherical  head,  which  is  defined  as  primitive  by  Franz^n 
(195^).  This  appears  to  be  the  common  sperm  type  for  the 
Sabellariidae ,  however,  Phragmatopoma  lapidosa  and  S. 
floridensis  possess  a  modified  sperm  with  a  long  tapered 
head  (Eckelbarger ,  1976,  1977)*  It  is  interesting  that 
they  have  such  a  sperm  type  and  yet  have  retained  external 
fertilization,  as  according  to  Franzen  (1956)  the 
modified  sperm  type  is  adapted  for  internal  fertilization. 

The  oocytes  of  sabellariids  range  from  75-105  xim  in 
diameter,  based  on  information  given  in  previous  studies, 
and  the  oocytes  of  S.  cementarium  fall  within  this  range. 
The  presence  of  small  eggs  in  the  Sabellariidae  is 
correlated  with  the  large  numbers  of  eggs  produced  and  the 
long  term  planktotrophic  life  histories.  The  cortical 
reactions  and  prematuration  events  in  the  oocytes  of 
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sabellariids  were  first  described  by  Novikoff  (1937)  and 
his  findings  agree  with  the  other  species  of  sabellariids 
studied.  The  time  tables  of  early  development  of  S>. 
cementarium  established  by  Winesdorfer  (1967)  and 
Strathmann  (1974)  agree  with  the  findings  of  the  present 
study. 

Sabellariids  are  very  conservative  in  their  larval 
development  as  the  larvae  of  S.  cementarium  closely 
resemble  those  of  P.  californica  (Eckelbarger,  1977)*  P. 
lapidosa  (Eckelbarger,  1976)  »  £>•  alveolata  (Cazaux,  1964; 
Wilson,  1929) »  S.  ishikawai  (Wu  and  Ruiping,  1979) »  S. 
spinulosa  (Wilson,  1929)  and  S.  vulgaris  (Eckelbarger, 

1975) »  The  only  detectable  differences  are  found  in  the 
pigmentation  patterns  of  the  larvae.  These  similarities 
in  larval  morphology  are  also  paralleled  in  their  adult 
structures.  This  similarity  between  species  in  both 
larval  morphology  and  adult  morphology  appears  to  be  common 
in  polychaetes.  For  example,  in  members  of  the  Polydora- 
complex  of  the  Spionidae  (Day  and  Blake,  1979)  and  in  the 
Spirorbidae  (Potswald,  1965)*  the  similarities  in  larval 
morphology  are  paralleled  in  their  adult  morphologies.  The 
larvae  of  Lygdamis  giardi  (Wu  and  Ruiping,  1979)  and  L. 
muratus  (Wilson,  1977)  resemble  those  of  Sabellaria  and 
Phragmatopoma  in  their  early  development,  however,  by  the 
later  larval  stages  they  appear  to  be  very  different.  They 
possess  large  oral  lip  folds  which  extend  around  the  sides 
of  the  episphere,  thereby  increasing  the  width  of  the 
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episphere.  Dales  (1952)  has  proposed  an  evolutionary 
scheme  within  the  Sabellariidae  based  upon  opercular 
morphology.  According  to  this  scheme,  Phragmatopoma  and 
Sabellaria  are  more  closely  related  to  each  other  than  to 
Lygdamis .  This  could  possibly  account  for  the  differences 
in  the  larval  forms. 

A  common  occurrence  in  the  culturing  of  sabellariid 
larvae  is  the  asynchrony  in  development  of  the  larvae 
within  the  same  cultures.  Wilson  (1968b)  and  Curtis  (1973) 
feel  that  this  may  occur  in  the  field  between  the  larvae  of 
the  same  spat  and  they  suggest  it  may  be  an  adaptive 
mechanism  to  ensure  the  possibility  of  successful  settle¬ 
ment.  As  the  larvae  presumably  depend  on  currents  for  their 
dispersal,  it  would  be  advantageous  to  have  the  larvae 
stagger  their  development  so  that  if  they  encounter  a 
suitable  site  for  settlement,  some,  at  least,  would  be 
able  to  settle. 

The  SEM  studies  by  Eckelbarger  and  Chia  (1976)  and 
Eckelbarger  (1978)  on  the  larvae  of  P.  lapidosa  have  pro¬ 
vided  a  great  deal  of  information  on  the  external 
morphologies  of  the  competent  larva  and  juvenile  stages, 
however,  the  only  early  developmental  stage  studied  was  a 
young  trochophore.  The  present  study,  thus,  provides  the 
first  complete  SEM  study  of  larval  development  in  a  number 
of  the  Sabellariidae.  The  SEM  photographs  of  S. 
cementarium  are  basically  a  reconfirmation  of  what  has  been 


described  at  the  light  microscopic  level. 
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Gland  pores  were  first  observed  on  the  surface  of  the 
episphere  of  the  23  hour  trochophore.  The  appearance  of  the 
pores  corresponds  with  the  internal  development  of  the 
mucoid  cells  within  the  episphere.  Gland  pores  are  present 
on  the  episphere  of  all  larval  stages  examined,  culminating 
in  the  raised  gland  pores  on  the  episphere  of  the  competent 
larva.  Raised  gland  pores  are  also  present  on  the  pygidium 
of  the  competent  larva  and  recessed  gland  pores  are  found  on 
the  parathoracic  region.  The  appearance  of  these  pores 
corresponds  to  the  development  of  gland  cells  in  the  under¬ 
lying  regions  of  the  competent  larva.  Eckel barge r  and  Chi a 
(1976)  and  Eckelbarger  (1978)  have  observed  similar  gland 
pores  on  the  competent  larvae  of  P.  lapidosa.  The  presence 
of  the  gland  pores  on  the  tentacles,  however,  has  not  pre¬ 
viously  been  reported. 

Eckelbarger  (1978)  has  described  the  presence  of 
ciliary  sensory  tufts  on  the  tentacles,  pygidium,  building 
organ,  dorsal  hump,  opercular  cirri  and  ventral  parathoracic 
surfaces  of  the  competent  larva  of  P.  lapidosa.  In  S. 
cementarium ,  however,  sensory  tufts  are  found  only  on  the 
tentacles,  pygidium,  and  ventral  parathoracic  surfaces. 

The  sensory  tufts  of  P.  lapidosa  and  S.  cementarium 
resemble  those  described  for  the  adults  of  Nereis , 

Aphrodite  (Dorsett,  1978),  Polydora  (Rice  and  Simon,  1980) 
and  the  flatworm  Temnocyphala  (Williams,  1978).  It  is 
possible  that  these  tufts  are  either  chemoreceptors  or 
me chano receptors . 
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The  larvae  of  S.  cementarium  initially  exhibit  a  neg¬ 
ative  geotaxis  and  become  photopositive  at  12  days  of  age. 

In  contrast,  the  larvae  of  P.  californica  (Eckelbarger, 

1977) t  P.  lanidosa  (Eckelbarger,  1976),  and  S.  vulgaris 
(Eckelbarger,  1975)  are  photopositive  throughout  their 
entire  development,  while  S.  floridensis  exhibits  no  reac¬ 
tion  to  light  throughout  the  entire  larval  period 
(Eckelbarger,  1977).  Eckelbarger  (1975)  has  reported  that 
the  larvae  of  S.  vulgaris  tended  to  aggregate  at  the  water 
line  in  the  culture  vessels  nearest  the  window  illumination 
as  they  approached  competency,  while  a  smaller  number  of 
larvae  tended  to  aggregate  away  from  the  light  source.  As 
the  larvae  approached  the  searching  phase  they  would  migrate 
to  the  bottom  of  the  culture  vessel.  The  remaining  larvae, 
as  they  approached  competency,  would  exhibit  the  same 
behavior  pattern.  This  has  also  been  reported  to  occur  in 
Lygdamis  muratus  (Wilson,  1977)  but  has  not  been  observed  in 
S .  cementarium. 

During  the  searching  phase,  the  larvae  of  S.  cement¬ 
arium  would  apply  their  tentacles  and  building  organ  to  the 
sand  grains,  a  behavior  which  is  common  to  all  sabellariids . 
A  behavior  not  previously  reported  for  sabellariids  is  the 
ingestion  of  sand  grains  during  this  period.  The  larvae  of 
S.  cementarium  were  also  observed  to  apply  the  tops  of 
their  epispheres  to  the  substrate  and  rotate  on  their 
central  axis.  After  a  few  seconds  the  larvae  would  resume 
swimming.  This  behavior  has  only  previously  been  reported 
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for  S.  floridensis  (Eckelbarger ,  1977).  A  behavior  of  the 


larvae  of  L.  muratus  (Wilson,  1977)  and  S,  floridensis 
(Eckelbarger ,  1977) »  both  of  which  are  species  found  on  sof 
substrates,  is  the  burrowing  through  the  sand  grains.  This 
was  also  observed  in  the  larvae  of  _S.  cementarium ,  however, 
S.  cementarium  is  found  on  hard  substrates.  The  reason 
for  this  behavior  is  unknown. 

Provisional  setae  are  found  in  all  sabellariid  larvae 
and  they  were  first  thought  to  serve  a  defensive  function 
by  Wilson  (1929).  He  stated  that  small  fish  would  spit  out 
the  larvae  when  they  erected  their  setae.  The  provisional 
setae,  by  increasing  the  size  of  the  larvae  2  to  3  fold 
and  with  the  numerous  serrations  along  their  lengths,  make 
the  larvae  difficult  to  swallow  by  potential  predators. 
Provisional  setae  are  also  found  in  the  larvae  of  the 
families  Spionidae  and  Owenidae ,  where  they  serve  a  defens¬ 
ive  function  (Fauchald,  197^;  Schroeder  and  Hermans,  1975). 
The  spionid  and  owenid  provisional  setae  resemble  those  of 
the  sabellariids  in  that  they  have  annulations  along  their 
length  bearing  numerous  tooth-like  serrations.  The 
spionids,  like  the  sabellariids,  have  developed  grasping 
cilia  in  the  telotrochal  region  to  hold  the  provisional 
setae  to  the  sides  of  the  body  while  swimming  (Hannerz, 

1956;  Blake,  1969).  The  mitraria  larva  of  Owenia,  however, 
lacks  grasping  cilia  (Wilson,  1932). 

Besides  having  a  defensive  function,  Wilson  (1929)  has 
suggested  that  the  provisional  setae  play  a  suspensory 
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role  when  the  larva  stops  swimming.  For  S.  cementarium 
this  does  not  appear  to  he  true,  as  the  larvae  were  never 
observed  to  stop  swimming  and  erect  their  setae  unless 
irritated . 

Strathmann  ejt  al.  (1972)  have  demonstrated  that  the 
trochophore  larva  of  Spirabranchus  spinosus  is  a  suspension 
feeder  using  an  opposed  ciliary  band  system  to  capture  food 
particles.  In  this  system,  one  band  of  cilia,  the  proto- 
troch,  produces  the  feeding  current  and  the  particles  are 
collected  downstream  in  a  ciliated  feeding  groove  located 
between  it  and  a  posterior  band  of  cilia,  the  metatroch. 
Strathmann  et  al.  (1972)  have  expressed  the  opinion  that 
this  method  of  particle  capture  is  common  to  all  polychaete 
larvae  that  are  suspension  feeders.  S.  cementarium  appears 
to  agree  with  their  findings,  in  that  it  too  is  a  suspension 
feeder  using  an  opposed  band  system.  However,  as  S. 
cementarium  lacks  a  metatroch  the  posterior  band  of  pro- 
totrochal  cilia  appears  to  act  as  a  functional  metatroch. 

The  ciliary  food  groove  lies  between  the  two  bands  comprising 
the  prototroch.  This  mechanism  of  particle  capture  may  be 
common  to  all  polychaete  larvae  which  lack  a  metatroch. 

Using  the  neurotroch  as  a  ciliary  rejection  mechanism  is 
common  to  both  S.  cementarium  and  S.  spinosus ,  as  is  the 
stoppage  of  feeding  when  the  larva  encounters  particles  too 
high  in  concentration. 
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B.  ORGANOGENESIS  AND  HISTOGENESIS 
OF  THE  PLANKTONIC  LARVAE 


In  those  species  of  polychaetes  with  plankto trophic 
larvae,  the  early  trochophores  are  morphologically 
incapable  of  undergoing  the  met amorphic  transformation 
into  the  benthic  juvenile  stages.  During  the  pelagic 
phase,  the  trochophore  must  undergo  growth  and  morphol¬ 
ogical  differentiation  in  preparation  for  metamorphosis. 
During  this  period  of  morphological  differentiation,  the 
trochophore  develops  into  a  me tatrochophore  and  then  into 
a  nectochaeta  which  is  the  final  pelagic  stage.  The 
me tatrochophore  is  marked  by  the  segmental  arrangement  of 
the  ciliary  bands  and  the  nectochaeta  is  a  segmented  larva 
in  which  setae  have  developed  (Schroeder  and  Hermans,  1975)* 
We  have  some  knowledge  of  organogenesis  in  plank to- 
trophic  larval  polychaetes  from  the  studies  of  Akesson 
(1961,  1968)  on  Pisione  remojta,  and  Glycera  alba ,  Segrove 
(1941)  on  Pomatoceros  trique ter ,  and  Wilson  (1932)  on  the 
mitraria  larva  of  Owenia  fusiformis .  However,  except 
for  the  study  of  Akesson  (1961)  on  P.  remota,  the 
descriptions  of  organogenesis  are  too  fragmentary  to  give 
a  true  picture  of  the  sequential  histological  development 
of  plankto trophic  larvae.  P.  remota,  like  the  other 
members  of  the  errantiate  family  Pisionidae ,  has  a 
specialized  type  of  reproduction  with  internal  fertiliza¬ 
tion  (Akesson,  1961).  Therefore,  until  the  present  study 


on  Sabellaria  cementarium  there  was  no  detailed  account  of 
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larval  histogenesis  and  organogenesis  in  a  free  spawning 
species  with  a  typical  plankto trophic  development.  From 
this  study,  we  now  have  a  better  appreciation  of  the 
histological  transformation  of  a  trochophore  into  a 
nectochaeta  competent  to  metamorphose  in  a  species  with  a 
typical  plankto trophic  developmental  sequence.  As  larval 
development  appears  to  be  conservative  in  the  family 
Sabellariidae ,  the  description  of  larval  organogenesis 
and  histogenesis  in  S.  cementarium  is  felt  to  be 
representative  of  the  family. 

Body  Wall 
i)  Cuticle: 

Incorporation  of  the  vitelline  membrane  into  the 
larval  cuticle  has  been  reported  for  Sabellaria  alveolata 
(Wilson,  1929),  S.  vulgaris  (Novikoff,  1938), 

Phragmatopoma  lapidosa  (Eckelbarger  and  Chia,  1978) , 

Nereis  spp .  (Wilson,  1892),  Nepthys  hombergi  (Wilson, 

1936b),  Pomatoceros  triqueter  (Segrove,  1941), 

Pectinaria  koreni  (Wilson,  1936b),  Diopatra  cuprea  (Allen, 
1959)  and  Autoly tus  f asciatus  (Allen,  1964).  With  the 
addition  of  S.  cementarium ,  it  appears  that  the  incorpora¬ 
tion  of  the  vitelline  membrane  into  the  larval  cuticle 
is  common  to  all  sabellariids . 

The  presence  of  the  two  zones  within  the  cuticle  of  early 
sabellariid  larvae  was  first  reported  by  Eckelbarger  and 
Chia  (1978)  in  the  larvae  of  P.  lapidosa.  They  were  able 
to  trace  the  two  zones  of  the  cuticle  to  their  origin  in 
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the  vitelline  membrane  of  the  oocyte,  providing  definitive 
proof  that  the  vitelline  membrane  is  incorporated  into  the 
larval  cuticle.  From  the  present  study  it  is  apparent 
that  the  larval  cuticle  of  S.  cementarium  is  identical  to 
that  of  P.  lapidosa.  Both  possess  cuticles  consisting  of 
two  zones;  Zone  I  lies  above  the  epidermis  and  is  composed 
of  a  loose  network  of  fibrils;  and  Zone  II  lies  above  it 
and  consists  of  an  electron-dense  layer  of  closely  packed 
fibrils  through  which  nonbranching  microvilli  extend.  This 
cuticle  is  gradually  lost  in  S.  cementarium  and  P.  lapidosa 
(Eckelbarger  and  Chia,  1978)  during  the  trochophore  stage 
and  is  replaced  by  an  electron-opaque  larval  cuticle,  which 
is  secreted  by  the  underlying  epidermis.  Associated  with 
this  change  in  cuticle  is  the  appearance  of  branching 
microvilli  whose  tips  extend  through  the  surface  of  the 
cuticle.  Cuticle  replacement  occurs  at  a  much  earlier 
date  in  P.  lapidosa  than  in  S.  cementarium ,  60  hours 
compared  to  5  days.  This  difference  in  timing  of  cuticle 
replacement  can  be  accounted  for  by  the  slower  develop¬ 
mental  rate  of  S.  cementarium,  as  the  morphological 
stage  at  which  it  occurs  is  identical  between  the  two 
species . 

The  larval  cuticles  of  _S.  cementarium  and  P.  lapidosa 
resemble  the  cuticles  of  larval  Harmothoe*  imbricata 
(Holborow,  1971;  Holborow  et  al . ,  1969) »  larval 
Arenicola  cristata  (Marsden  and  Lacalli,  1978;  Marsden 


and  Pawson,  19 81),  arc hi annelids  (Brandenburg,  1970; 
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Rieger  and  Rieger,  1976) ,  interstitial  hesionids 
(Westheide  and  Rieger,  1978),  and  oligochaetes  (Potswald, 
1971 )»  all  of  which  lack  a  collagenous  grid  which  is 
typical  of  most  annelids  (Richards,  1978).  Within  all 
of  these  forms,  the  presence  of  well-developed  microvilli 
extending  through  the  cuticle  is  a  common  feature. 

Rieger  and  Rieger  (1976)  state  that  such  a  cuticle  is 
a  primitive  feature  among  the  Spiralia  and  they  suggest 
that  the  function  of  such  a  cuticle  is  to  increase 
the  efficiency  of  uptake  of  dissolved  organic  molecules 
through  the  epidermis.  The  uptake  of  dissolved  organic 
molecules  has  been  documented  in  oligochaetes  (Siebers 
and  Bulhein,  1977)  and  in  archiannelids  and  interstitial 
hesionids  by  Temple  and  Westheide  (1980).  It  is 
reasonable  to  assume  that  the  elaborated  microvilli 
are  the  site  of  uptake  of  the  dissolved  organic  molecules, 
although  there  is  no  direct  evidence  to  support  this 
assumption. 

Are  the  elaborate  microvilli  of  larval  polychaetes 
cuticles,  therefore,  an  adaptation  for  the  uptake  of 
dissolved  organic  molecules?  Chia  (1972)  has  postulated 
that  since  epidermal  microvilli  are  common  among  marine 
invertebrate  larvae,  they  are  probable  sites  of  dissolved 
organic  molecule  uptake.  Uptake  of  organic  molecules 
has  been  demonstrated  by  Reish  and  Stephens  (1969)»  who 
found  that  the  larvae  of  Neanthes  arenaceodentata 
absorbed  labelled  glycine  and  by  Bass  e_t  al.  (1969)  who 
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found  uptake  of  lysine  by  larval  Nereis  virens  was  200 


times  that  of  adult  worms.  The  cuticular  morphology  of  these 
larvae  has  not  been  studied,  but  the  adult  cuticle  of 
Nereis  has  been  shown  to  contain  microvilli  extending 
through  the  collagenous  grid  of  the  cuticle  ( Broke lmann 
and  Fischer,  1 966 ;  Dorsett  and  Hyde,  1970).  Manahan  (1980) 
has  shown  that  the  veliger  larvae  of  Mytilus  edulis  and 
Ostrea  edulis  absorb  the  greatest  concentrations  of 
dissolved  organic  molecules  through  the  velum,  a  site 
which  possesses  numerous  microvilli  (Mackie  e_t  al .  ,  1976)  . 
From  this  it  can  be  hypothesized  that  the  elaboration  of 
microvilli  in  the  cuticles  of  S.  cementarium  and  P, 
lapidosa  are  adaptations  for  the  uptake  of  dissolved 
organic  molecules  from  seawater, 
ii)  Epidermis: 

The  epidermis  of  S.  cementarium  is  a  layer  of 
monostratif ied ,  columnar  epithelium  which  is  of  the  typical 
annelid  type  described  by  Richards  (1978).  The  structure 
of  the  prototrochal  cells  are  consistent  with  those 
described  for  the  larvae  of  Arm and i a  brevis  (Hermans,  1966), 
Harmothoe  imbricata  (Holborow,  1971;  Holborow  et  al. , 

1969) ,  P.  lapidosa  (Eckelbarger ,  1978)  and  Spirobis 
more hi  (Potswald,  1965)* 

All  are  cuboidal  in  shape  and  multiciliated ,  possess¬ 
ing  large  numbers  of  mitochondria  within  their  cytoplasm. 

In  S.  cementarium ,  H.  imbricata  and  P.  lapidosa  the  cilia 
are  anchored  in  the  cells  by  long  primary  rootlets  and  by 
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shorter  secondary  rootlets  which  lie  parallel  to  the 
cuticle.  This  secondary  rootlet  takes  the  stress  of  the 
c ilium  and  may  help  to  coordinate  the  metrachronal  wave 
(Richards,  1978).  Not  all  proto trochal  cells,  however, 
resemble  those  described  above ,  as  the  prototrochal  cells 
of  Nereis  spp .  (Wilson,  1892 )  and  Arenicola  cristata 
(Marsden  and  Lacalli,  1978)  contain  large  vacuoles  within 
their  cytoplasm.  Wilson  (1892)  suggests  that  these  cells 
may  be  excretory  in  function,  however,  there  is  no  evidenc 
to  support  this  assumption, 
iii)  Setal  sacs: 

The  setal  sacs  of  S.  cementarium  are  responsible  for 
the  formation  of  the  larval  setae  and  for  the  opercular 
paleae  of  the  juvenile  and  adult  stages.  It  must  be 
stressed  that  the  setal  sacs  are  retained  after  metamor¬ 
phosis,  unlike  those  found  in  the  larvae  of  the  families 
Owenidae  and  Spionidae ,  which  also  possess  provisional 
setae.  The  early  ontogeny  of  the  setal  sacs  in  S. 
cementarium  could  not  be  followed,  however,  they  are 
presumably  of  ectodermal  origin,  as  all  annelid  setae  are 
epidermal  derivatives  (Richards,  1978).  Wilson  (1932) 
also  assumed  that  the  setal  sacs  of  the  mitraria  larva  of 
Owenia  fusiformis ,  which  bear  provisional  setae,  to  be  of 
ectodermal  origin. 

The  setal  sacs  of  S.  cementarium  first  appeared  in 
the  42  hour  trochophore  as  two  ectodermally  derived  cells 
and  throughout  their  ontogeny  the  only  changes  to  occur 
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were  the  increase  in  the  number  of  chaetoblast  and  lateral 
cells  and  the  development  of  vacuoles.  The  increase  in  the 
cell  number  resulted  in  both  an  increase  in  the  size  of  the 
setal  sacs  and  an  increase  in  the  number  of  the  provisional 
setae  secreted. 

Based  on  the  brief  description  of  the  setal  sacs  in 
the  mitraria  of  <0.  fusiformis  by  Wilson  (1932)*  it  appears 
that  they  are  very  similiar  in  structure  to  those  described 
in  this  study  of  S.  cementarium .  At  the  fine  structural 
level,  the  setal  sacs  of  S.  cementarium  appear  very  similiar 
to  the  parapodial  setal  sacs  of  adult  syllids  (Bouligand, 
1966,  1967)  and  larval  Nereis  vexillosa  (O’ Clair  and  Cloney, 
197*0  with  regard  to  the  following  features:  1)  the  chaeto¬ 
blast  cells  are  located  at  the  bases  of  the  follicles  and 
are  responsible  for  setal  secretion,  2)  the  setae  lie  in 
follicles  bordered  by  lateral  cells,  and  3)  the  distal  end 
of  the  follicle  is  lined  by  the  epidermal  cuticle.  Bouligand 
(1966,  1967)  and  O' Clair  and  Cloney  (197*0  have  demonstrated 
that  the  microvilli  act  as  templates  on  which  the  setae  are 
deposited.  Sections  through  the  setal  sacs  of  S.  cement¬ 
arium  also  show  the  presence  of  microvilli  at  the  bases  of 
the  follicles,  which  may  serve  as  templates  in  setal  form¬ 
ation. 

The  setae  of  adult  and  larval  polychaetes  contain 
protein  and  chitin  (Bobin  and  Mazoue,  19*^;  Ebling,  1 9*+5 ; 
Rudall,  1963;  Gustus  and  Cloney,  1973;  Richards,  1978)  and 
are  composed  of  parallel  longitudinal  channels  arranged 
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into  a  central  cortex  (Bouligand,  1966,  1967;  Gustus  and 
Cloney ,  1973;  O' Clair  and  Cloney,  197^;  Orrhage ,  1971; 
Richards,  1978).  It  is  interesting  that  the  transitory 
provisional  setae  of  S.  cementarium  are  identical  in  struc¬ 
ture  and  formation  to  that  of  adult  and  larval  setae.  From 
this,  it  can  "be  concluded  that  setal  structure  and  formation 
are  conservative  ontogene tically  within  the  polychaetes. 

Muscle  System 

The  complexity  of  the  muscle  system  in  the  trochophore 
larva  of  S.  cementarium  is  unparalleled  in  the  muscle  systems 
previously  reported  for  trochophore  larvae.  This  complex¬ 
ity  of  the  muscle  system  appears  to  be  related  to  the  defen¬ 
sive  behavior  of  erecting  the  provisional  setae.  The  setal 
sac  musculature  of  S.  cementarium  resembles  that  of  the 
mitraria  larva  of  Owenia  fusiformis  (Wilson,  1932) 1  how¬ 
ever,  Owenia  lacks  the  prototrochal  and  esophageal  muscle 
connections  found  in  S.  cementarium.  In  Owenia  the  setal 
sac  muscles  are  solely  responsible  for  setal  erection 
(Wilson,  1932) »  while  in  S.  cementarium  the  esophageal, 
prototrochal  and  setal  sac  muscles  act  together  to  erect 
the  setae.  The  continued  hypertrophy  of  the  setal  sac- 
esophageal  muscle  complex  during  larval  development  corres¬ 
ponds  to  the  increasing  growth  of  the  setal  sacs.  The 
growth  of  the  muscle  complex  must  match  that  of  the  setal 
sacs  in  order  to  maintain  the  defensive  behavior.  The  body 
wall  musculature  of  the  competent  larva  is  of  the  typical 
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annelid  organization. 

Coelom  and  Segmentation 

In  the  larvae  of  most  polychaetes,  the  blastocoel  forms 
the  primary  body  cavity.  Within  the  blastocoel  are  found 
undifferentiated  mesodermal  cells  which  will  divide  to  pro¬ 
duce  a  peritoneal  lining,  thereby  transforming  the  blasto¬ 
coel  into  a  true  coelom.  The  differentiation  of  the  meso¬ 
derm  into  a  peritoneum  occurs  after  the  initiation  of  seg¬ 
ment  formation  (Anderson,  1959)*  In  the  trochophore 
larvae  of  S.  cementarium ,  however,  the  primary  body  cavity 
is  derived  by  the  splitting  of  the  lateral  mesoderm  as  a 
blastocoel  is  lacking.  The  primary  body  cavity  is  thus  a 
true  coelom  with  a  peritoneal  lining.  In  the  brooded 
lecitho trophic  larvae  of  Spirorbis  more hi  (Potswald,  1965) » 
the  primary  body  cavity  also  develops  as  a  true  coelom.  It 
appears  that  the  development  of  the  primary  body  cavity  as 
a  coelom  corresponds  to  the  lack  of  blastocoelic  cavities 
within  these  two  species.  There  are,  therefore,  two 
methods  by  which  the  primary  coelomic  cavities  are  formed  in 
larval  polychaetes. 

In  polychaete  trochophores ,  the  "M"  or  mesodermal  cells 
situated  at  the  posterior  end  of  the  hyposphere  give  rise 
to  the  ventro-lateral  mesodermal  bands  (Wilson,  1892; 

Child,  1900 ;  Segrove,  1941;  Korn,  1958;  Anderson,  1959 »  1966, 

o 

1973;  Akesson,  1962).  In  the  planktonic  trochophores  these 
mesodermal  bands  are  small  and  inconspicuous  (Anderson, 
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1966,  1973).  In  S.  cementarium ,  the  mesodermal  hands  agree 
with  Anderson's  (1966,  1973)  descriptions,  in  that  they 
consist  of  small  clusters  of  cells  concentrated  at  the 
posterior  end  of  the  hyposphere.  These  mesodermal  cells 
form  the  presumptive  prepygidial  growth  zone,  which  is 
involved  in  segment  formation  in  the  later  stage  larvae. 

In  larval  polychaetes,  the  development  of  segmentation 
is  commonly  considered  to  occur  by  either  of  two  methods. 

In  the  Serpulidae  (Segrove,  1941),  Spirorbidae  (Potswald, 
1965) >  Tomopteridae  (Akesson,  1962)  and  Eunicidae 
(Akesson,  1967a),  the  three  anterior  segments  develop 
simultaneously  prior  to  metamorphosis  and  the  segmentation 
of  the  ectoderm  preceeds  that  of  the  mesoderm.  This 
method  of  segment  formation  has  been  termed  heteronomy 
by  Iwanoff  (1928).  The  characteristics  of  heteronomy  have 
recently  been  reviewed  by  Akesson  (1962)  and  Schroeder 
and  Hermans  (1975)*  Anderson  (1959)  and  Wilson  (1932) 
have  shown  that  heteronomy  is  absent  in  Scolonlos  armiger 
and  Owenia  fusiformis ,  respectively,  In  these  two  species, 
the  trunk  mesoderm  exhibits  segment  formation  before  the 
ectoderm  is  segmentally  delineated.  This  method  of 
segment  formation  is  referred  to  as  homonomy  by  Schroeder 
and  Hermans  (1975)*  Both  heteronomy  and  homonomy  can  occur 
within  the  same  family,  as  Akesson  (1967a)  has  shown 
Eunicids  display  homonomy,  while  other  members  of  the 
family  are  heteronomous  in  their  segment  formation. 

o 

Akesson  (1967a)  believes  that  when  both  methods  of  segment 
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formation  occur  in  the  same  family,  heteronomy  is  the 
primitive  method  and  homonomy  is  derived. 

In  the  Sabellariidae ,  segment  formation  is  complex  and 
is  neither  heteronomous  or  homonomous.  In  the  late  trocho- 
phore  larva  the  body  consists  of  the  episphere  and  the 
hyposphere,  which  contains  the  setal  sacs,  prepygidial 
growth  zone  and  the  pygidium.  The  region  of  the  setal  sacs 
becomes  the  first  thoracic  segment.  Three  segments  are 
gradually  formed  behind  the  thoracic  segment  from  the 
prepygidial  growth  zone.  These  are  the  parathoracic 
segments  and  within  them,  the  mesoderm  and  ectoderm  appear 
to  differentiate  into  segments  simultaneously,  unlike 
either  heteronomous  or  homonomous  segment  formation.  Prior 
to  metamorphosis,  three  more  segments,  the  abdominals,  are 
added  from  the  growth  zone.  During  post-metamorphosis,  a 
second  thoracic  segment  is  added  between  the  first  thoracic 
segment  and  the  first  parathoracic  segment  and  it  does  not 
originate  from  the  prepygidial  growth  zone.  This  method  of 
segment  formation  is  unique  among  the  larval  polychaetes 
that  have  been  studied.  In  agreement  with  Schroeder  and 
Hermans  (1975)*  1  feel  that  it  is  related  to  the  formation 
of  the  operculum  from  the  first  and  second  body  segments. 

In  the  adult,  the  prostomium,  first  segment,  and  part  of  the 
second  segment  fuse  to  form  the  opercular  region. 

Alimentary  Trac t 


In  his  reviews  of  polychaete  development,  Anderson 
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(1966,  1973)  has  stated  that  there  are  three  methods  by 
which  gastrulation  can  occur,  depending  upon  the  number, 
relative  size  and  yolk  content  of  the  presumptive  midgut 
cells.  In  those  species  with  small  eggs  containing  little 
yolk  and  numerous  small  presumptive  midgut  cells,  such  as 
Podarke  obscura  (Treadwell,  1901)  and  Hydroides  uncinata 
(Shearer,  1911) »  gastrulation  occurs  by  invagination.  In 
Arenicola  cristata  (Child,  1900)  and  Scoloplos  armiger 
(Anderson,  1959) »  whose  midgut  cells  are  less  numerous  and 
situated  more  ventrally  than  posteriorly,  gastrulation 
occurs  by  an  inward  migration  of  the  presumptive  midgut 
cells,  while  in  those  species  which  have  few,  large,  yolky 
presumptive  midgut  cells  and  no  blastocoel,  such  as  Nereis 
(Wilson,  I892),  Tomopteris  helgolandica  (Akesson,  1962), 
and  Spirorbis  more hi  (Potswald,  1965)1  the  midgut  cells  are 
forced  internally  by  the  epibolic  overgrowth  of  the 
surrounding  cells.  According  to  Andersen  (1966,  1973) » 

S.  cementarium  being  a  species  with  a  small  egg  containing 
little  yolk  and  small  presumptive  midgut  cells,  gastrulation 
would  be  by  invagination.  However,  in  S.  cementarium 
gastrulation  appears  to  be  by  epiboly,  as  there  is  no 
blastocoel.  It,  therefore,  appears  that  the  methods  of 
gastrulation  are  not  as  closely  linked  to  the  nature  of  the 
egg  and  the  presumptive  midgut  cells  as  previously 
expressed  by  Anderson  (1966,  1973)* 

The  ontogeny  of  the  alimentary  tract  in  S.  cementarium 
is  similar  to  that  previously  reported  in  larval  polychaetes 
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(see  reviews  by  Anderson,  1966,  1973)*  The  presence  of 
large  vacuolated  cells  in  the  upper  stomach,  as  in  S. 
cementarium ,  have  not  previously  been  reported  in  larval 
polychaetes.  These  cells  contain  numerous  vacuoles  and 
bear  numerous  microvilli  on  their  luminal  surfaces.  As 
algal  cells  have  not  been  identified  within  the  stomach 
cells  of  any  of  the  larval  stages,  it  appears  that  digestion 
is  extracellular.  Extracellular  digestion  is  the  usual 
method  of  digestion  in  polychaetes  (Barnes,  1980;  Michel 
and  DeVillez,  1978).  Presumably  the  vacuoles  of  the  upper 
stomach  cells  are  involved  in  the  production  of  digestive 
enzymes,  which  break  down  the  algal  cells.  Burke  (1978) 
has  shown  the  existence  of  similar  vacuoles  in  the  stomach 
cells  of  echinoplutei ,  which  are  responsible  for  the 
secretion  of  enzymes  which  digest  algal  cells.  In  S. 
cementarium ,  once  the  algal  cells  were  broken  down  the 
digestive  products  would  be  absorbed  across  the  microvilli 
of  the  stomach  cells.  The  continued  hypertrophy  of  these 
cells  and  the  increase  in  the  number  of  vacuoles  within 
them  during  larval  development,  may  correlate  with  the 
increasing  need  to  digest  larger  quantities  of  food  during 
the  later  stages  of  larval  development. 

In  the  metatrochophore  larva,  large  lipid  droplets 
became  apparent  within  the  stomach  cells  and  they  were 
retained  through  to  the  competent  larva.  These  lipid 
droplets  may  serve  as  an  energy  reserve  for  metamorphosis 
when  the  larva  would  be  unable  to  process  food  during  the 
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histological  reorganization  of  the  stomach.  Zymogen¬ 
like  granules  also  became  apparent  in  the  stomach  cells  of 
the  me tatrochophore .  They  possibly  are  involved  in 
extracellular  digestion  of  the  algal  cells  and  possibly  are 
the  precursors  of  the  zymogen  producing  cells  in  the 
adults,  as  zymogen  granules  are  found  within  the  stomach 
cells  of  adult  polychaetes  where  they  function  in  extra¬ 
cellular  digestion  (Michel  and  DeVillez,  1978).  Gland  cells 
were  observed  to  develop  in  the  esophagus  of  the  larva  with 
tentacle  buds  and  in  the  competent  larva.  They  are  felt 
to  be  involved  in  mucous  secretion  ,  as  mucous  cells  are 
common  within  the  adult  esophageal  epithelia  of  both 
sedentary  and  errantiate  polychaetes  (Michel  and  DeVillez, 
1978).  It  is  interesting  that  gland  cells  arrive  late  in 
the  larval  development,  however,  no  explanation  can  be 
offered  for  their  late  development. 

Nervous  System 

There  are  numerous  studies  of  the  nervous  systems  in 
the  trochophore  and  me tatrochophore  larvae  of  poly- 
chaetes  (Korn,  1958,  I960;  Akesson,  1967b;  Lacalli  and 
Marsden,  1977;  Bubko  et  al. ,  1979;  Ospovat,  1978)  at  the 
light  microscopic  level,  but  only  the  studies  of  Holborow 
(1971)  and  Lacalli  (in  press)  provide  information  on 
trochophore  nervous  systems  at  the  fine  structural  level. 
From  these  studies,  it  is  apparent  that  a  cerebral 
ganglion  and  prototrochal  nerve  ring  are  common  to  trocho- 
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phore  and  metatrochophore  larvae  and  they  presumably  are 
responsible  for  coordination  of  the  swimming  and  feeding 
behaviors.  In  S.  cementarium  only  a  cerebral  ganglion 
could  be  identified  in  the  trochophore  larvae  and  this 
became  apparent  at  12  days.  Preliminary  fine  structural 
observations  on  the  5  day  old  larva  show  the  appearance  of 
a  prototrochal  nerve  ring  which  could  not  be  identified  in 
the  light  microscope.  A  cerebral  neuropile  was  not 
observed  with  TEM  in  the  5  day  larva.  It  appears  that  the 
prototrochal  nerve  ring  may  serve  to  coordinate  swimming 
and  feeding  behavior  until  the  appearance  of  the  cerebral 
ganglion  in  S.  cementarium. 

The  histological  identification  of  eyespots  in  the 
metatrochophore  corresponds  to  the  development  of  a  strong, 
photo tactic  behavior  in  this  stage.  Although  optic  fibers 
could  not  be  observed,  it  appears  that  the  eyes  are 
functional  photoreceptors  in  this  and  later  stage  larvae. 
The  eyespots  are  of  the  microvillar-pigment  cup  type 
described  for  larval  Armandia  brevis  (Hermans  and  Cloney, 
1966)  and  for  the  trochophores  of  Neanthes  succinea 
(Eakin  and  Westfall,  1964)  and  Harmothoe  imbricata 
(Holborow  and  Laverack,  1972). 

By  the  competent  larva,  the  larval  nervous  system 
consists  of  the  same  major  ganglia  as  found  in  the  adult 
sabellariid  nervous  system  (Orrhage,  1978).  The  presence 
of  a  well  defined  nervous  system  consisting  of  a  cerebral 
ganglion,  circumesophageal  ganglia  and  a  ventral  nerve 
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cord  has  been  reported  in  the  fully  formed  larvae  of 
Armandia  brevis  (Hermans,  1966),  Branchiomma  vesiculosum 
(Wilson,  1936a),  Eunice  kobiensis  (Akesson,  1967a), 
Arenicola  cristata  (Marsden  and  Lacalli,  1978) »  Nephtys 
(Korn,  i960 ;  Bubko  et  al,  1979) »  Pec tinaria  (Korn, 
i960),  Pisione  remota  (Akesson,  1961),  Pomatoceros 
triqueter  (Segrove,  19^1) »  Scoloplos  armiger  (Anderson, 
1959) »  Spirorbis  more hi  (Potswald,  1965)  and  Tomopteris 
helgolandica  (Akesson,  1962).  It  is  not  known  if  these 
ganglia  are  all  functional,  however,  as  Marsden  and  Lacalli 
(1978)  found  only  a  small  portion  of  the  ganglionic  cells 
to  be  functional  in  A.  cristata.  It,  therefore,  appears 
that  the  elaborate  larval  nervous  systems  of  polychaetes 
are  just  rudiments  of  the  juvenile  nervous  systems  and  they 
have  little  function  within  the  larvae.  The  cerebral 
ganglion  would,  thus,  be  the  nervous  centre  controlling  the 
behavior  and  metamorphosis  of  the  fully  formed  larvae. 

Circulatory  System 

Within  the  Polychaeta,  the  major  blood  vessels  of  the 
circulatory  system  occupy  the  site  of  the  former  blastocoel 
and  the  walls  of  the  blood  vessels  are  formed,  either  from 
the  apposed  surfaces  of  the  septa  mesenteries,  or  by  the 
separation  of  the  mesodermal  somites  from  the  gut  epithelia 
(Anderson,  1959.  1966).  This  appears  to  be  true  for  the 
development  of  the  circulatory  system  in  the  later  larval 
stages  of  S.  cementarium.  In  S.  cementarium  the  blood 
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vessels  occupy  the  coelom  derived  from  the  lateral  meso¬ 
derm  rather  than  a  hlastocoelic  derivative. 

The  dorsal  and  ventral  blood  sinuses  of  _S . 
cementarium  originate  by  a  separation  of  the  mesoderm 
from  the  gut  epithelium.  The  presence  of  a  blood  sinus 
around  the  gut  is  a  primitive  feature  within  the  poly- 
chaetes  (Anderson,  1959)*  This  method  of  blood  sinus 
formation  has  been  reported  in  Owenia  fusiformis  (Wilson, 
1932)  and  in  Arenicola  cristata  (Lillie,  1905) .  The 
formation  of  the  supraesophageal ,  circumesophageal ,  dorsal 
and  ventral  blood  vessels  occurs  by  the  separation  of  the 
apposed  surfaces  of  the  mesenteries.  The  ventral  vessels 
of  Scoloplos  armi ge r  (Anderson,  1959) »  Pomatoceros 
triqueter  (Segrove,  19^1) 1  and  Spirorbis  mo rc hi  (Potswald, 
1965)  and  the  dorsal  vessel  of  A.  cristata  (Lillie,  1905) 
are  also  reported  to  arise  in  this  manner.  The  blood 
vessels  of  S.  cementarium  are  bound  by  a  simple  epithelium 
which  is  common  to  all  annelids  (Hanson,  19^9) • 

From  this  study  it  is  apparent  that  the  larvae  of  S. 
cementarium  possess  a  well  defined  circulatory  system. 
Similar  circulatory  systems  are  also  found  in  the  larvae  of 
Armandia  brevis  (Hermans,  1966),  Owenia  fusiformis  (Wilson, 
1932),  Scoloplos  armiger  (Anderson,  1959) »  and 
Pomatoceros  triqueter  (Segrove,  1941).  It  is  not  known 
if  they  are  functional  within  the  larvae,  or  if  they  are 
just  structural  rudiments  of  the  adult  circulatory  systems, 
as  blood  plasma  has  not  been  reported  within  their  vessels. 
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Acellular  blood  plasma  is  found,  however,  in  the  larval 
circulatory  system  of  £>.  cementarium.  Preliminary 
observations  on  the  adult  circulatory  system  have  shown  a 
similar  acellular  plasma  within  the  blood  vessels.  Due  to 
the  presence  of  blood  plasma  within  the  circulatory  system 
of  the  larvae  of  S.  cementarium ,  it  is  probable  that  the 
circulatory  system  is  functional  during  later  larval  life. 

Gland  Cells 

The  presence  of  epidermal  gland  cells  is  a  common 
feature  among  polychaete  larvae.  In  S.  cementarium  the 
rudiments  of  the  epispheral  unicellular  mucoid  glands  are 
evident  in  the  18  hour  larva  and  well  developed  glands 
first  become  apparent  in  the  early  trochophore.  These 
unicellular  mucoid  glands  continue  to  increase  in  number 
throughout  larval  development  and  also  arise  in  the 
pygidium.  In  Phragmatopoma  lapidosa,  Eckelbarger  (1978) 
has  labelled  the  epispheral  and  pygidial  mucoid  glands  of 
the  competent  larva  as  type  II  gland  cells  and  they  are 
identical  to  those  of  S.  cementarium  at  the  fine  structural 
level.  In  both  species  the  secretions  are  composed  of 
irregular  fibrillar  strands.  Mucoid  glands  have  also  been 
identified  at  the  fine  structural  level  in  the  trochophores 
of  Harmothoe  imbricata  (Holborow,  1971).  however,  they 
differ  from  those  of  S.  cementarium  and  P.  lapidosa  in  that 
the  secretions  are  composed  of  numerous  droplets.  Epi¬ 
spheral  mucoid  glands  have  also  been  identified  in  the 
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trochophores  of  Glycera  alba  (Akesson,  1968)  but  these  are 
not  described  at  the  fine  structural  level.  In  S. 
cementarium ,  H.  imbricata ,  and  G.  alba  the  epi spheral 
mucoid  glands  do  not  appear  to  function  within  the  larva. 

It  is  interesting  how  early  in  the  larval  development  of 
these  species  the  mucoid  glands  appear  if  they  do  not 
function.  It  is,  therefore,  assumed  that  the  larval  epi- 
spheral  mucoid  glands  function  during  metamorphosis. 

In  the  trochophore  larvae  of  some  species  of  polychaete 
the  larval  glands  are  known  to  be  involved  in  feeding.  For 
example,  in  the  trochophores  and  metatrochophores  of 

o 

Pisione  remota  (Akesson,  1961)  ,  Lonadorhyncus  sp . 

(Akesson,  1967b),  and  Chaetopterus  sp.  (Werner,  1953) »  the 
hypospheral  glands  secrete  mucoid  nets  which  entrap  plankton 
and  the  larvae  then  eat  the  nets  with  the  entrapped  food 
items.  The  existence  of  such  mucoid  nets  is  unknown  in  S. 
cementarium, which  is  exclusively  a  ciliary  suspension 
feeder. 

It  is  more  common  within  polychaetes  for  the  epidermal 
glandular  elements  to  develop  within  the  setigerous  larvae. 

This  occurs  in  Pomatoceros  triqueter  (Segrove,  19^1), 

0 

Eunice  kobiensis  (Akesson,  1967a),  Branchiomma  vesiculosum 
(Wilson,  1936a),  Soirorbis  spp.  (Nott,  1973;  Qui/vreux, 

1962;  Potswald,  1965 »  1978),  Owenia  fusiformis  (Wilson, 
1932),  Arenicola  cristata  (Marsden  and  Lacalli,  1978),  and 
Scolo-plos  armiger  (Anderson,  1959)-  The  larvae  of 
Snirorbis  spp . ,  P.  triqueter,  and  B.  vesiculosum  possess 
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mucoid  gland  cells  which  are  similar  in  description  to 
those  of  S.  cementarium ,  while  those  of  A.  cristata  and 
E.  kobiensis  are  highly  vacuolated.  The  descriptions  of 
the  mucoid  cells  in  0.  fusiformis  and  S.  armiger  are  too 
fragmentary  to  draw  comparisons  between  them  and  S. 
cementarium. 

The  presence  of  thoracic  and  parathoracic  epidermal 
gland  cells  is  a  common  feature  among  the  fully  formed 
larvae  of  sedentary  tubiculous  polychaetes.  They  have  been 
identified  in  B.  vesiculosum  (Wilson,  1936a) >  P.  triqueter 
(Segrove,  1941),  Spirorbis  spp.  (Nott,  1973;  Quievreux, 
1962;  Potswald,  1965i  1978)  and  P.  lapidosa  (Eckelbarger , 
1978) .  In  the  fully  formed  larva  of  S.  cementarium  there 
are  5  distinct  gland  cell  types  in  the  parathoracic 
region,  while  in  P.  lapidosa,  Eckelbarger  (1978)  has 
identified  only  one  cell  type,  gland  cell  type  I.  Cell 
types  A,  B,  and  C  in  S.  cementarium  may  represent  pro¬ 
gressive  stages  of  development  of  a  single  gland  type. 

Potswald  (1965)  described  8  distinct  cell  types  in  the 
thoracic  region  of  the  fully  formed  larva  of  Spirorbis 
more hi ,  many  of  which  appear  identical  to  those  of  S. 
cementarium.  In  P.  triqueter  (Segrove,  1941)  there  are  at 
least  three  distinct  gland  cell  types  in  the  thoracic 
region,  but  they  are  not  described  in  detail.  The 
presence  of  different  gland  cell  types  within  the  para¬ 
thoracic  and  thoracic  regions  is  a  common  feature  among 
the  larvae  of  sedentary  tubiculous  polychaetes.  The 
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functional  significance  of  these  glands  will  he  discussed 
in  the  section  on  metamorphosis. 

Tentacles 

The  larval  tentacles  of  sabellariids  form  the  palps 
of  the  adult  worms,  which  are  located  in  front  of  and 
dorsal  to  the  mouths  of  the  adults.  The  tentacular  or 
oral  filaments  do  not  have  their  origin  during  larval 
development.  The  larval  tentacles  are  identical  histolo¬ 
gically  to  the  palps  of  adult  S.  cementarium  (personal 
observation)  and  S.  alveolata  (Orrhage,  1978).  Orrhage 
(1978)  has  shown  that  the  palps  of  adult  sabellariids  are 
homologous  in  structure  to  the  palps  of  adult  spionids. 

It,  therefore,  can  be  assumed  that  the  larval  tentacles 
of  S.  cementarium  are  similar  in  structure  to  the  larval 
tentacles  and  adult  palps  of  spionids. 

Dales  (1952),  using  Goodrich's  (1897)  definition  of 
the  peristomium  of  larval  polychaetes  as  the  first  segment 
with  parapodia  and  setae,  stated  that  the  larval  tentacles 
of  sabellariids  were  of  prostomial  origin.  Hermans  (i960) 
and  Schroeder  and  Hermans  (1975)  have  redefined  the 
peristomium  of  larval  polychaetes  as  the  region  including 
the  mouth,  prototroch,  and  metatroch  located  in  front  of 
the  most  anterior  segment  which  possesses  setae.  The 
larval  tentacles  are  thus  peristomial  in  origin.  Hannerz 
(1956)  and  Blake  (1969)  have  shown  the  larval  tentacles  of 
spionids  also  to  be  of  peristomial  origin,  reaffirming  the 
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homologies  between  them  and  the  larval  tentacles  of 
sabellariids . 

The  long  ciliary  tracts  on  the  ventral  surfaces  of  the 
tentacles  connect  to  the  food  groove  located  between  the  two 
ciliary  bands  of  the  prototroch.  Dales  (1952)  found  that 
they  conveyed  food  particles  into  the  mouths  of  larval 
Phragmatopoma  californica  and  thus  stated  the  ciliary 
tracts  were  involved  in  larval  feeding.  There  is  no 
evidence  of  this  in  S.  cementarium ,  nor  has  it  been  noted 
in  any  other  sabellariid  studied.  The  ciliary  tracts  appear 
not  to  function  in  the  larvae,  but  in  the  newly  metamor¬ 
phosed  juveniles  where  they  convey  sand  particles  to  the 
mouth  from  which  they  are  cemented  to  the  tubes.  The 
ciliary  tracts  are  retained  throughout  adult  life  (personal 
observations;  Orrhage ,  1978)  where  presumably  they  serve 
the  same  function. 

Wilson  (1929),  in  his  investigation  of  the  larval 
development  of  S.  alveolata ,  first  referred  to  the  presence 
of  probable  sensory  tufts  on  the  larval  tentacles. 

Recently,  Eckelbarger  and  Chia  (1976)  and  Eckelbarger 
(1978)  using  SEM  have  revealed  the  existence  of  such  tufts 
of  stiff  sensory  cilia  on  the  larval  tentacles  of  P. 
lapidosa.  These  sensory  tufts  are  identical  to  those 
found  on  the  larval  tentacles  of  S.  cementarium.  In  one 
micrometer  sections,  the  tufts  appear  similar  morpholo¬ 
gically  to  those  of  P.  lauidosa  which  Eckelbarger  (1978) 
examined  at  the  fine  structural  level.  He  was  unable  to 


. 


. 


determine  if  they  were  mechanoreceptors  or  chemoreceptors . 
As  the  larval  tentacles  are  definitely  involved  in  sub¬ 
strate  examination  prior  to  metamorphosis,  it  would  be 
interesting  to  determine,  at  the  fine  structural  level,  if 
the  sensory  tufts  are,  in  fact,  chemoreceptors.  If  so, 
they  possibly  would  be  involved  in  the  recognition  of  the 
metamorphic  inducing  chemical  which  is  located  in  the  tube 
cement  (Wilson,  1968b). 
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C.  SETTLEMENT  AND  METAMORPHOSIS 

Wilson  (1958)  has  emphasized  that  settlement  preceeds 
metamorphosis  in  larval  polychaetes.  This,  however,  is  not 
a  principle  common  to  all  polychaetes  as  Sarvala  (1971) 
has  shown  that  the  larvae  of  Harmothoe  sarsi  metamorphose 
in  the  open  water  and  then  settle  to  the  bottom. 

From  the  numerous  life  history  studies  of  polychaetes 
(reviewed  by  Schroeder  and  Hermans,  1975) »  we  have  some 
appreciation  of  the  external  morphological  changes  at 
metamorphosis  in  planktonic  larvae.  The  most  apparent 
changes  are  the  loss  of  the  ciliary  bands  and  provisional 
setae  (if  present)  and  the  discharge  of  glands  involved  in 
tube  formation.  Often  there  is  a  reorganization  of  the 
prostomial  region,  as  has  been  reported  for  arenicolids 
(Marsden  and  Pawson,  1981),  owenids  (Wilson,  1932), 
sabellariids  (Eckelbarger ,  1978),  sabellids  (Wilson,  1938a), 
serpulids  (Segrove,  1941)  and  spirorbids  (Potswald,  1985* 
1978). 

There  is,  however,  very  little  information  on  the 
histological  changes  at  metamorphosis,  particularly  in 
planktotrophic  larvae.  Various  aspects  of  the  histological 
changes  at  metamorphosis  have  been  studied  in  the  mitraria 
larva  of  Owenia  fusiformis  (Wilson,  1932)  and  the  endo- 
larva  of  Polygordius  (Woltreck,  1905) »  both  of  which  undergo 
a  cataclysmic  metamorphosis,  the  lecitho trophic  larvae  of 
Branchiomma  vesiculosum  (Wilson,  1938a.)  and  Spirorbis  mo rc hi 
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(Potswald,  19 65,  1978)i  and  the  benthic  larva  of  Arenicola 

cristata  (Marsden  and  Pawson,  1981).  The  only  studies 

•  •  .  9 
dealing  with  pi ankto trophic  larvae  are  those  of  Akesson 

(1961)  on  the  changes  in  the  nervous  system  of  Pisione 

remota  at  metamorphosis  and  Segrove  (1941)  on  Pomatoceros 

triqueter ,  which  provides  little  information.  Thus  the 

present  study  of  S.  cementarium  is  the  first  detailed 

account  of  metamorphosis  in  a  species  with  a  typical 

plank to trophic  life  history  and  it  is  the  only  study  of  the 

histological  changes  at  metamorphosis  in  a  member  of  the 

family  Sabellariidae . 

The  developmental  rates  of  sabellariids  are  very 
similar,  ranging  from  2  to  8  weeks  (Eckelbarger ,  1977). 

The  species  studied  thus  far,  however,  are  either  tropical 
or  warm  temperate  species  as  defined  by  Briggs  (197*0. 
Thorsen  (1950)  has  stated  that  the  developmental  rates  of 
marine  invertebrate  species  living  in  seas  with  higher 
temperatures  should  be  similar  to-  those  inhabiting  colder, 
northern  seas.  S.  cementarium  is  a  cold  temperate  species 
as  defined  by  Briggs  (197*0  and  its  developmental  rate  of 
6.5  -  8.5  weeks  falls  within  the  2-8  week  range  of  other 
sabellariids.  It  thus  appears  that  sabellariids  agree  with 
the  findings  of  Thorsen  (195°)  for  other  marine  inverte¬ 
brates.  S.  cementarium  does,  however,  have  a  slower 
developmental  rate  than  the  tropical  and  warm  temperate 
species  due  to  the  colder  temperatures  at  which  they  are 
raised,  10-l4°C  compared  to  19-25°C  (Eckelbarger,  1975* 
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1976,  1977) •  Presumably  the  greatest  differences  in 
developmental  rates  are  due  to  the  differences  in  culturing 
techniques.  Initially,  the  larvae  of  S.  cementarium  were 
raised  using  the  technique  of  Eckelbarger  (1975)  which 
included  aeration  of  the  culture  water.  This  had  to  be 
discontinued  as  it  increased  the  mortality  rates  of  the 
larvae.  This  difference  in  culture  technique  prevents  the 
direct  comparison  of  the  development  rates  of  S.  cementarium 
with  those  of  Phragmatopoma  californica  (Eckelbarger,  1977)* 
P.  lapidosa  (Eckelbarger,  1976),  S.  floridensis  (Eckel¬ 
barger,  1977)  and  S.  vulgaris  (Eckelbarger,  1975)* 

It  is  interesting  that  the  competent  larvae  will  delay 
metamorphosis  even  in  the  presence  of  an  appropriate 
metamorphic  stimulus.  This  has  not  been  reported  before 
for  sabellariid  larvae  and  the  reason  for  this  behavior  is 
unknown. 

Induction  of  Metamorphosis 

Based  on  the  results  of  the  settlement  experiments,  it 
appears  that  the  larvae  of  S.  cementarium  exhibit  a  low 
degree  of  substrate  specificity  in  their  settlement 
behavior.  Similar  findings  have  been  reported  for  P. 
lapidosa (Eckelbarger ,  1976),  S.  floridensis  (Eckelbarger, 
1977)  and  S.  vulgaris  (Eckelbarger,  1975)  while  on  the  other 
hand,  Wilson  (1968a,  b,  1970a,  b)  has  shown  that  the  larvae 
of  S.  alveolata  and  S.  spinulosa  have  high  degrees  of 


substrate  specificity.  To  account  for  these  differences, 
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Eckelbarger  (1977)  has  proposed  that  substrate  specificity 
may  be  a  method  of  reproductive  isolation  among  sympatric- 
ally  occurring  species.  S.  alveolata  and  S.  spinulosa 
occur  sympatrically  (Wilson,  1929)  and  the  differences  in 
substrate  specificity  may  result  in  geographically  isolated 
populations.  Reproductive  isolation  would,  therefore,  arise 
by  habitat  isolation.  P.  lapidosa,  S.  floridensis  and  S. 
vulgaris  lack  a  high  degree  of  substrate  specificity  in 
their  settlement  behavior  and  each  is  geographically 
isolated  from  other  sabellariid  species.  Therefore,  they 
would  not  be  expected  to  develop  substrate  specificity  in 
their  settlement  to  preserve  reproductive  isolation.  This 
explanation  cannot  be  applied  to  S.  cementarium ,  as  it 
occurs  sympatrically  with  another  sabellariid,  Idanthry- 
sus  ornamentatus .  They  are  often  found  within  the  same 
aggregations  and  preliminary  observations  have  shown  that 
they  both  contain  ripe  gametes  at  the  same  time  and  cross 
fertilization  will  occur  between  the  two  species.  Perhaps 
reproductive  isolation  in  the  field  occurs  either  by  a 
temporal  separation  in  spawnings  or  by  hybrid  inviability. 

Adults  of  the  family  Sabellariidae  occur  mainly  in 
small  aggregations  or  in  reefs  and  with  the  exceptions  of 
Lygdamis  muratus  (Wilson,  1977)  and  S.  floridensis 
(Eckelbarger,  1977) »  which  are  solitary  species,  the  larvae 
show  gregarious  settlement  behavior.  Crisp  (1979)  has 
proposed  two  methods  by  which  reaggregation  can  occur  in 
marine  invertebrate  larvae;  the  larvae  can  settle  in 


. 
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response  to  contact  with  their  own  species,  A,  or  in 
response  to  another  species,  B.  Wilson  (1968a,  b,  19?0  a,  b 
has  demonstrated  that  reaggregation  in  sabellariids  occurs 
by  the  former  method.  The  larvae  of  S.  alveolata  and  S. 
spinulosa  are  attracted  to  the  cement  of  adult  tubes,  tube 
fragments,  and  the  tubes  of  newly  metamorphosed  juveniles. 
Within  the  tube  cement  is  an  insoluble,  me tamorphosis 
inducing  factor  with  which  the  larva  must  make  contact 
before  the  metamorphic  response  is  elicited  (Wilson  1968a, 
b,  1970a,  b).  The  factor  is  presumably  similar  to  the 
insoluble,  tanned,  proteinaceous  materials  which  elicit  the 
settling  response  in  Balanus  balanoides  (Knight- Jones ,  1953) 
and  Crassostrea  virginica  (Crisp,  1967)* 

S.  cementarium  is  found  in  small  aggregations  in 
Griffin  Bay,  Washington.  As  there  were  only  two  instances 
of  gregarious  settlement  in  the  laboratory  one  would  not 
expect  gregarious  settlement  in  the  field.  How,  therefore, 
do  the  lab  results  relate  to  the  field  distribution? 
Eckelbarger  (1975)  has  found  that  S.  vulgaris  juveniles 
initially  build  tubes  in  a  solitary  manner,  spatially 
separated  by  at  least  1  cm.  As  more  larvae  settled,  they 
filled  in  between  the  settled  larvae  forming  small  aggrega¬ 
tions.  The  tubes  grew  together  and,  thus,  form  aggregations 
similar  to  those  in  the  field.  Straughtan  (1972),  Sentz- 
Braconnet  (1968)  and  Klockner  (1976)  have  described 
similar  behavior  in  serpulid  larvae.  It  thus  appears  that 
a  similar  situation  occurs  in  S.  cementarium  but  due  to  the 
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small  numbers  of  larvae  used  in  the  settlement  experiment, 
this  behavior  could  not  be  detected.  Why  species  like  S. 
cementarium ,  S.  vulgaris  and  P.  lanidosa  show  a  low  degree 
of  substrate  specificity  and  yet  exhibit  gregarious 
settlement  behavior  is  unknown. 

Morphology  and  Behavior  of  the  Metamorphosing  Larvae 

The  morphological  changes  observed  during  metamorpho¬ 
sis  in  S.  cementarium  agree  with  those  described  for  P. 
lapidosa  (Eckelbarger ,  1976,  1978),  P.  californica 
(Eckelbarger ,  1977) >  S.  alveolata  (Cazaux,  1964;  Wilson 
1929) »  S.  spinulosa  (Wilson,  1929) >  S.  vulgaris  (Eckelbarg¬ 
er,  1975)  and  Lygdamis  muratus  (Wilson,  1977)*  Metamorph¬ 
osis,  thus,  follows  a  characteristic  pattern  in  the 
Sabellariidae .  The  first  observable  changes  are  the 
shrinkage  of  the  episphere  and  the  loss  of  the  prototroch 
and  oral  hood.  The  tentacles  then  rotate  anteriorly  and 
the  provisional  setae  are  lost.  The  setal  sacs  containing 
the  settling  paleae  and  the  opercular  cirri  also  rotate 
anteriorly.  The  body  of  the  larva  elongates,  the  building 
organ  swells  and  the  telotroch  is  lost.  These  morphologi¬ 
cal  changes  are  then  followed  by  the  construction  of  the 
tube . 

A  behavior  pattern  not  previously  reported  in 
sabellariid  larvae  during  metamorphosis  is  the  testing  of 
the  substrate  by  using  the  tentacles  to  pull  sand  grains 
to  the  mouth.  Once  at  the  mouth  the  sand  grains  are  either 
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ingested  or  they  are  rejected  posteriorly  by  the  neurotro- 
chal  cilia.  The  only  other  larva  in  which  the  ingestion  of 
sand  grains  has  been  observed  is  the  metamorphosing  pelago- 
sphera  larva  of  sipunculids  (M.  Rice,  personal  communication), 
where  this  behavior  is  felt  to  be  a  method  of  testing  the 
substrate.  Another  behavior  not  previously  reported,  is  the 
determination  of  the  direction  of  movement  during  the  crawl¬ 
ing  phase  by  the  larval  tentacles. 

The  method  of  tube  construction  in  S.  cementarium 
agrees  with  that  described  for  S.  vulgaris  (Eckelbarger, 

1975) >  S.  alveolata  (Wilson,  1929)  and  L.  muratus  (Wilson, 
1977)*  The  juveniles  initially  form  mucoid  tubes  which  are 
attached  to  the  substrate.  They  then  seize  sand  grains  in 
the  tentacles  where  they  are  conveyed  to  the  mouth  along 
the  ciliary  tracts  of  the  tentacles.  These  sand  grains  are 
then  cemented  to  the  tube  by  the  secretions  from  the  build¬ 
ing  organ.  In  S.  cementarium  the  provisional  setae  are 
cemented  into  the  tube,  a  behavior  which  has  not  previously 
been  reported  for  sabellariids .  Eckelbarger  (1975)  and 
Rees  (1976)  have  shown  that  the  newly  metamorphosed 
juveniles  of  S.  vulgaris  select  smaller  sand  grains  over 
larger  ones  during  the  initial  events  of  tube  building. 
Juvenile  S.  cementarium  were  not  observed  to  have  a  grain 
size  preference  during  tube  building.  A  behavior,  apparent¬ 
ly  unique  to  S.  cementarium ,  is  the  placement  of  a  large 
sand  grain  over  the  top  of  the  entrance  to  the  tube,  which 
serves  as  an  operculum,  as  the  settling  paleae  provide 
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little  protection  to  the  juveniles  from  potential  predators 

The  settling  paleae  of  S.  vulgaris  and  P.  lapidosa 
serve  as  a  tool  for  the  shaping  and  arranging  of  the  sand 
grains  during  tube  formation  and  for  scraping  fouling 
material  from  the  opening  (Eckelbarger ,  1975) »  although  thi 
was  not  observed  in  S.  cementarium.  The  settling  paleae  of 
S.  cementarium  resemble  those  described  for  S.  vulgaris 
(Eckelbarger,  1975)*  Settling  paleae  are  reported  from  all 
sabellariids  except  S.  floridensis  (Eckelbarger,  1977)* 

The  settling  paleae  are  not  homologous  to  the  paleae  of  the 
adult  operculum  and  they  will  be  replaced  by  the  primary 
paleae  in  the  older  juveniles.  Nucal  spines  which  are 
reported  for  S.  vulgaris  (Eckelbarger,  1975) *  S.  alveolata 
(Wilson,  1929)  and  S.  spinulosa  (Wilson,  1929),  are  absent 
in  S.  cementarium. 

Histological  Changes  During  Metamorphosis 

Body  Wall 
i)  Cuticle: 

The  cuticle  of  the  first  and  second  day  post-settled 
juveniles  resembles  that  described  for  the  larval  stages  of 
S.  cementarium  and  P.  lapidosa  (Eckelbarger  and  Chia,  1976; 
Eckelbarger,  1978).  However,  by  the  third  day  of  settle¬ 
ment  the  juvenile  cuticle  is  composed  of  two  layers:  a 
thick,  lightly- staining  layer  situated  above  the  epidermis 
and  a  thin  dark- staining  layer  on  top  of  it.  This 
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resembles  the  cuticular  morphology  described  by  Eckelbarger 
(1978)  at  the  fine  structural  level  for  a  juvenile  P. 
lapidosa  two  weeks  after  settlement.  At  the  light  micro¬ 
scopic  level,  the  cuticle  of  the  adult  S.  cementarium 
appears  to  be  similar  to  that  of  the  three  day  post- 
settled  juvenile.  It  thus  appears  that  the  adult  cuticle 
of  sabellariids  is  formed  during  metamorphosis, 
ii)  Epidermis: 

During  metamorphosis,  the  epidermis  maintains  its  mono- 
stratified  appearance  which  is  characteristic  of  the 
epidermis  in  both  the  larvae  and  adults  of  S.  cementarium . 
The  transformation  of  the  cells  from  columnar  to  squamous 
is  associated  with  the  remodeling  of  the  larval  cells  into 
the  vermiform  shape  of  the  juvenile  stages.  The  presence 
of  mucoid  cells  is  a  common  feature  of  the  epidermis  of 
polychaetes  (Daly,  1973;  Dorset!  and  Hyde,  1970;  Storch 
and  Welsch,  1972;  Westheide  and  Rieger,  1978)  to  which 
numerous  functions  have  been  ascribed  (reviewed  by  Richards, 
1978).  Mucoid  glands  are  found  developing  in  the  epidermis 
of  the  lower  prostomium,  thoracic  and  parathoracic  segments 
of  the  two  and  three  day  post-settled  juveniles.  They 
presumably  are  the  rudiments  of  the  adult  epidermal  mucoid 
glands . 

One  event  common  to  the  metamorphosis  of  larval  poly¬ 
chaetes  is  the  loss  of  the  prototroch,  which  has  been 
described  as  occurring  by  one  of  several  methods.  The  cilia 
may  drop  off  and  the  prototrochal  cells  undergo  atrophy 
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as  in  Armandia  brevis  (Hermans,  1966),  the  prototrochal 

«  • 

cells  may  be  cast  off  as  in  Spirorbis  morchi  (Potswald, 

1965*  1978),  or  the  ent  ire  prototroch  and  associated  cells 
of  the  episphere  may  separate  away  from  the  epidermis  as  in 
Owenia  fusiformis  (Wilson,  1932)  and  Branchiomma 
vesiculosum  (Wilson,  1938a).  In  S.  cementarium  it  occurs 
by  the  first  method.  Most  of  the  cilia  drop  off  during 
the  initial  events  of  metamorphosis,  however,  some  remain 
until  the  second  day.  The  prototrochal  cells  undergo 
atrophy,  so  that  by  the  third  day  they  are  no  longer  disting¬ 
uishable.  An  exception  to  this  phenomenon  is  Arenicola 
cristata  (Marsden  and  Pawson,  1981)  which  does  not  lose  its 
prototrochal  cells  at  metamorphosis.  The  significance  of 
this  situation  is  unknown  (Marsden  and  Pawson,  1981). 
iii)  Setal  Sacs: 

Wilson  (1932)  has  shown  that  the  setal  sac  of  the 
mitraria  larva  of  Owenia  fusiformis  lose  their  provisional 
setae  and  undergo  histolysis  at  metamorphosis.  This  is 
what  would  be  expected,  as  the  setal  sacs  are  larval 
structures  specifically  adapted  for  the  formation  of  the 
provisional  setae,  which  serve  a  defensive  function  for  the 
larva  (Wilson,  1932).  However,  in  sabellariids  the  setal 
sacs  are  retained  at  metamorphosis  and  they  form  the 
juvenile  and  adult  opercular  paleae.  Hartman  (1944) 
suggests  that  the  setal  sacs  and  their  corresponding 
segment  are  precocious  in  their  development  as  they  serve 
the  adult  function  of  paleae  formation.  If  the  setal  sacs 
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are  in  fact  adult  structures  as  suggested  by  Hartman 
(19^4),  they  would  not  be  expected  to  undergo  histological 
change  at  metamorphosis.  This  study  of  S.  cementarium , 
however,  shows  they  do. 

As  stated  earlier,  the  setal  sacs  rotate  anteriorly 

and  lose  their  provisional  setae  during  the  initial  events 

of  metamorphosis.  During  the  first  day  the  sacs  are 

histologically  identical  to  those  of  the  competent  larva, 

however,  by  the  second  and  third  days  of  post-settlement 

they  have  decreased  in  size.  This  reduction  in  size  is 

due  to  a  loss  of  both  chaetoblast  and  lateral  cells, 

probably  by  histolysis.  It  can  be  argued  that  the  setal 

sacs  are  no  more  precocious  in  their  development  than  any 

other  of  the  larval  structures  which  will  form  adult 

tissues,  as  they  underwent  histological  change  at 

metamorphosis .  The  setal  sacs  are  larval  structures  that 

precociously  form  the  settling  paleae  in  the  larvae,  but  are 

« 

not  adult  structures  within  the  larvae. 

Muscle  System 

The  histolysis  of  the  setal  sac-esophageal  muscle 
complex  at  metamorphosis  is  associated  with  the  loss  of  the 
defensive  function  of  the  setal  sacs.  Since  the  setal  sacs 
remain  stationary  in  the  adult,  the  elaborate  muscle 
system  associated  with  them  is  no  longer  required  and  it, 
therefore,  undergoes  histolysis.  A  thin  band  of  muscle  is 
retained  around  the  coelomic  surface  of  the  setal  sacs  in 
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the  juvenile  and  adult  stages  (Ebling,  1945).  This  is  the 
only  remnant  of  the  setal  sac-esophageal  muscle  complex. 
Accompanying  the  loss  of  the  prototrochal  cells  at 
metamorphosis,  is  the  histolysis  of  the  prototrochal 
muscles.  The  loss  of  the  prototrochal  muscles  has  also 
been  reported  in  Arenicola  cristata ,  although  unexpectedly, 
as  the  prototrochal  cells  are  retained  (Marsden  and  Pawson, 
1981) . 

Coelom  and  Segmentation 

During  metamorphosis  in  S.  cementarium ,  the  cerebral 
ganglion  separates  from  the  overlying  epidermis  to  form  a 
coelomic  cavity,  the  head  coelom,  which  is  separate  from 
the  primary  coelom.  A  similar  separation  of  the  cerebral 
ganglion  from  the  overlying  epidermis  has  been  described 
in  Armandia  brevis  (Hermans,  1966,  1978)  ,  Arenicola 
cristata  (Marsden  and  Pawson,  1981),  Branchiomma 

o 

vesiculosum  (Wilson,  1938a),  Pisione  remota  (Akesson,  1961), 
and  Scoloplos  armiger  (Anderson,  1959) »  although  it  is  not 
clear  if  the  cavities  formed  are  true  coeloms  as  in  S. 
cementarium. 

There  is  no  reorganization  of  the  segmental  coelomic 
cavities  of  the  trunk  at  metamorphosis.  The  body  of  the 
adult  sabellariid  is  divided  into  the  opercular  region 
composed  of  the  prostomium  and  first  segment,  2  thoracic 
segments,  3  parathoracic  segments,  the  abdominal  segments 
and  a  caudal  appendage  (Fauchald,  1977).  After  segment 
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formation  in  the  larva,  which  is  described  in  the  preceding 
chapter,  the  larval  trunk  consists  of  2  thoracic,  3  para- 
thoracic  ,  and  3  abdominal  segments  except  for  S.  cementar- 
ium  in  which  there  is  only  one  thoracic  segment.  Although 
the  second  thoracic  segment  will  form  during  the  juvenile  of 
S.  cementarium ,  it  appears  that  the  segmentation  of  the 
adult  is  established  prior  to  metamorphosis.  The  growth 
zone  in  the  juvenile  responsible  for  the  formation  of  the 
additional  segments  would  be  located  in  front  of  the  caudal 
appendage ,  while  in  S .  cementarium  there  would  be  an  add¬ 
itional  growth  zone  between  the  first  thoracic  and  first 
parathoracic  segments,  responsible  for  the  second  thoracic 
segment.  This  zone,  however,  cannot  be  detected  in  one 
micrometer  sections  of  the  early  juveniles. 

Alimentary  Tract 

The  histological  reorganization  of  the  larval  aliment¬ 
ary  tract  during  metamorphosis  is  a  common  phenomena  in  the 
plankto trophic  larvae  of  marine  invertebrates.  For  example, 
in  the  veliger  larvae  of  nudibranch  molluscs  (Bickell,  1978; 
Bickell  et  al. ,  1981 )  and  in  echinoderm  larvae  (Burke,  1978; 
Cameron,  1975;  Chia  and  Burke,  1978),  the  larval  guts 
undergo  a  drastic  reorganization  into  the  adult  guts.  Until 
the  present  study  on  S.  cementarium,  histological  reorgan¬ 
ization  of  the  larval  stomach  within  polychaete  larvae  has 
only  been  reported  in  Owenia  f usiformis  (Wilson,  1932)  and 


Polvgordius  (Woltreck,  1905)*  Both  of  these  polychaetes, 
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however,  possess  highly  modified  larvae  and  undergo  an 
atypical  metamorphosis.  Thus,  this  study  provides  the  first 
evidence  for  the  histological  reorganization  of  the  larval 
stomach  in  a  polychaete  with  a  typical  plank  to trophic  life 
history . 

In  S.  cementarium ,  the  larval  stomodeum  and  esophagus 
were  found  to  form  the  adult  esophagus  which  has  also  been 
reported  to  occur  in  Pomatoceros  trique ter  (Segrove,  19^1) 
and  Owenia  fusiformis  (Wilson,  1932).  In  contrast,  the 
larval  esophagus  and  pharynx  of  aphroditids,  pisionids, 
nepthyids,  phyllodocids ,  and  spionids  produce  a  pair  of 
envaginations  which  appear  to  function  as  imaginal  discs 
for  the  replacement  of  the  larval  phamgeal  epithelium  at 
metamorphosis  (Anderson,  1973)  and  in  Scolorlos  armiger 
the  larval  stomodeum  forms  the  adult  pharynx  (Anderson, 
1959). 

The  glands  within  the  esophageal  epithelium  are 
discharged  during  the  first  day  of  metamorphosis.  As 
stated  earlier,  it  is  not  known  if  these  glands  are  funct¬ 
ional  within  the  late  larval  stages.  It  is  possible  that 
they  develop  only  to  function  during  metamorphosis  as 
they  may  provide  an  enzymatic  secretion  which  is  involved 
in  the  digestion  of  the  oral  hood  and  other  larval  tissues 
of  the  episphere.  The  loss  of  glands  from  the  esophagus 
has  not  previously  been  noted  in  larval  polychaetes. 

During  the  metamorphosis  of  larval  polychaetes,  the 
larval  stomach  and  intestine  usually  form  the  adult  midgut 


’ 
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epithelium  (Anderson,  1973)*  However,  in  S>.  cementarium 
it  appears  that  the  larval  stomach  must  undergo  histologic¬ 
al  reorganization  before  it  forms  the  adult  midgut,  while 
the  larval  intestine  is  directly  transformed  into  the 
adult  intestine.  This  reorganization  occurs  in  the  region 
of  the  vacuolated  cells  of  the  upper  stomach.  During  the 
first  day  of  metamorphosis,  the  vacuolated  cells  undergo  a 
drastic  increase  in  size  so  that  they  obliterate  the 
esophageal-stomach  junction.  By  the  third  day  of  metamor¬ 
phosis,  these  cells  have  dissociated,  have  begun  to  slough 
off  and  phagocytic  activity  is  apparent  within  this  region. 
The  larval  stomach  cells  will  be  replaced  by  the  stomach 
epithelium.  As  stated  earlier,  there  is  a  proliferation 
of  cells  with  zymogen-like  granules  in  the  later  stage 
larvae.  This  was  originally  related  to  the  extracellular 
digestion  of  the  algal  cells  but  it  may  also  be  related  to 
the  digestion  of  the  larval  stomach  cells  which  accumulate 
in  the  lower  stomach  and  intestine  during  this  reorganiza¬ 
tion  period. 

A  build-up  of  lipid  droplets  occurred  in  the  stomach 
cells  of  the  late  stage  larvae  and  it  may  provide  an 
alternative  source  of  nutrition  during  metamorphosis,  as  it 
is  doubtful  if  the  juvenile  would  be  able  to  digest  food 
during  this  reorganization  period.  Support  for  this 
assumption  comes  from  Bickell  (1978)  who  found  a  build  up 
of  lipid  in  the  digestive  glands  of  the  veliger  larvae  of 
Doridella  steinbergae ,  a  nudibranch  mollusc,  prior  to 
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metamorphosis.  She  felt  that  the  lipid  may  serve  as  an 
energy  resource  for  metamorphosis,  as  the  larval  gut 
undergoes  a  drastic  reorganization  at  metamorphosis. 

The  histological  reorganization  of  the  stomach  at 
metamorphosis  is  presumably  related  to  the  differences  in 
the  diets  between  the  larvae  and  adults  of  S.  cementarium . 
Although  both  the  larvae  and  adults  are  suspension  feeders, 
the  larvae  feed  exclusively  on  small  phytoplankton  while 
the  adults  feed  on  larger  planktonic  organisms  (Fauchald 
and  Jumars,  1979)*  It  appears  that  the  stomach  of  larval 
sabellariids  is  a  specialized  larval  structure  specifically 
adapted  to  the  diet  of  the  larvae.  It  must  undergo 
histological  reorganization  into  the  adult  stomach  while 
the  other  portions  of  the  alimentary  tract  form  the 
corresponding  structures  in  the  adult.  This,  however, 
appears  to  be  common  to  other  polychaetes,  as  in  Owenia 
and  Polygordius ,  the  stomach  is  the  only  portion  of  the 
alimentary  tract  which  undergoes  reorganization  at  meta¬ 
morphosis  . 

Nervous  System 

Although  the  separation  of  the  cerebral  ganglion  from 
the  overlying  epidermis  is  common  to  all  polychaetes,  an 
increase  in  the  size  of  the  cerebral  ganglion  has  not 
previously  been  reported.  In  fact,  the  cerebral  ganglion 
of  Pomatoceros  trique ter  undergoes  a  decrease  in  size 


(Segrove,  19^1) •  Marsden  and  Pawson  (1981)  found  a  burst 
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in  neuron  and  synaptic  differentiation  in  the  cerebral 
ganglion  of  Arenicola  cristata  at  metamorphosis,  however, 
the  ganglion  did  not  increase  in  size.  The  rapid  increase 
in  the  size  of  the  cerebral  ganglion  of  S.  cementarium  may 
be  due  to  a  similar  burst  in  neuron  differentiation.  As 
pointed  out  by  Marsden  and  Pawson  (1981)  the  rapid 
differentiation  of  neurons  at  metamorphosis  may  be  a  common 
phenomenon  among  marine  invertebrate  larvae  as  a  similar 
event  occurs  within  the  abdominal  ganglia  of  the  veliger 
larvae  of  the  opisthobranch  mollusc  Aplysia  californica  at 
metamorphosis  (Schacter  et  al.  ,  1979a.,  b) .  Presumably  this 
increase  in  neuron  and  synaptic  differentiation  is  related 
to  the  transition  of  the  larval  nervous  system  to  that  of 
the  adult. 

An  interesting  occurrence  at  metamorphosis  is  the 
differentiation  of  the  optic  ganglia  and  the  increase  in 
the  differentiation  of  the  eyes,  however,  adult  sabellariids 
lack  prostomial  eyes.  To  undergo  such  a  differentiation 
the  eyes  must,  therefore,  serve  a  function  in  the 
juvenile  stages  of  S.  cementarium .  One  possible  function 
is  the  detection  of  shadows  which  may  serve  as  a  predator 
avoidance  mechanism.  Juvenile  worms  will  extend  up  to  one- 
half  their  body  length  out  of  their  tubes  to  collect  sand 
grains  for  tube  building.  Preliminary  observations  show 
that  the  larvae  will  retract  into  their  tubes  in  response  to 
a  shadow  over  the  entrance  of  the  tube.  As  the  adults  do 
not  extend  their  bodies  out  of  the  tube,  they  would  no 
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longer  require  such  a  predator  avoidance  mechanism  and  the 
eyes  would  degenerate.  Additional  evidence  to  support  this 
assumption  comes  from  the  fact  that  the  eyes  appear  ex¬ 
ternally  to  have  disappeared  by  the  36  day  post-settled 
juvenile,  at  which  time  the  juvenile  no  longer  extends  out 
of  the  tube . 

Gland  Cells 

The  discharge  of  gland  cells  is  common  among  the 
metamorphosing  larvae  of  sedentary  polychaetes.  In  S. 
cementarium ,  the  epispheral  and  pygidial  mucoid  glands  are 
discharged  in  the  initial  events  of  metamorphosis  and  they 
are  presumably  involved  in  attachment.  The  discharge  of 
the  epispheral  glands  is  felt  to  be  responsible  for  the 
shrinking  of  the  episphere.  Discharge  of  epispheral  glands 
is  also  associated  with  the  reorganization  of  the  episphere 
at  metamorphosis  in  Arenicola  cristata  (Marsden  and  Pawson, 
1981) ,  Branchiomma  vesiculosum  (Wilson,  1936a) ,  Owenia 
fusiform! s  (Wilson,  1932),  Pomatoceros  triqueter  (Segrove, 
19^1),  and  Spirorbis  more  hi  (Potswald,  1965.  1978). 

The  parathoracic  glands  of  S.  cementarium  are  res¬ 
ponsible  for  the  secretion  of  the  primary  tube.  Presumably 
all  five  gland  cell  types  are  involved  in  tube  formation, 
with  some  providing  the  mucoid  materials  and  others  provid¬ 
ing  the  catalyzing  substances.  The  discharge  of  the 
parathoracic  and  thoracic  glands  also  occurs  in  Arenicola 


(Marsden  and  Pawson,  1981),  Owenia  (Wilson,  1932), 


T  ;o  . fq 


Pomatoceros  (Segrove,  1941),  Snirorbis  (Potswald,  1965* 


1978)  and  Branchiomma  (Wilson,  1938a),  where  they  are 
involved  in  tube  formation. 
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D.  DEVELOPMENT  OF  JUVENILE  WORMS 


The  juvenile  stages  of  S.  cementarium  resemble  the 
juveniles  of  Phragmatopoma  californica  (Eckelbarger,  1977) > 
P.  lapidosa  (Eckelbarger,  1976),  S.  alveolata  (Cazaux, 

1964)  and  S.  vulgaris  (Eckelbarger,  1975)*  The  rates  of 
growth  for  the  juveniles  of  S.  cementarium  are  much  slower 
than  for  these  warm  temperate  and  tropical  species.  The 
differences  are  presumably  due  to  the  differences  in  the 
water  temperatures  at  which  the  juveniles  were  raised. 

Eckelbarger  (1977)  states  that  the  primary  paleae  of 
S.  floridensis ,  S.  spinulosa,  and  S.  vulgaris  resemble  the 
outer  opercular  paleae  of  the  juveniles  and  adults  and  that 
they  are  probably  homologous.  However,  in  S.  cementarium 
the  primary  paleae  resemble  the  primary  opercular  paleae 
of  the  juveniles  but  not  those  of  the  adults.  This  is 
because  the  adults  of  S.  cementarium  possess  an  atypical 
outer  opercular  paleae  when  compared  to  other  members  of 
the  genus  Sabellaria. 

An  interesting  feature  of  the  juveniles  of  S. 
cementarium ,  is  the  presence  of  ciliary  sensory  tufts  on 
the  dorsal  surfaces  of  the  opercular  and  thoracic  regions. 
This  has  not  previously  been  reported  for  sabellariid 
juveniles.  These  ciliary  sensory  tufts  resemble  those 
described  by  Dorsett  (1976)  for  adult  Nereis  and  Aphrodite 
aculeata,  which  are  believed  to  be  mechano receptors .  It  is 
possible  that  the  sensory  tufts  of  S.  cementarium  juveniles 
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are  also  raechanoreceptors .  Preliminary  observations  have 
shown  that  the  juveniles  will  retract  into  their  tubes  in 
response  to  vibrations  in  the  water.  The  ciliary  tufts 
presumably  are  responsible  for  the  perception  of  the 
vibrations  causing  the  juveniles  to  retract  into  their 


tubes . 
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Table  1:  Chronology  of  Larval  Development  and 

Metamorphosis  of  Sabellaria  cementarium 
in  the  Laboratory  (10  -  l4cC"53 


Developmental  Events 

Time  (post- 
fertilization) 

1st  polar  body 

1 . 5  hours 

2nd  polar  body 

2  hours 

1st  polar  lobe  and  1st  cleavage 

2.5  hours 

2nd  polar  lobe  and  2nd  cleavage 

4  hours 

3rd  polar  lobe  and  3rd  cleavage 

5»5  hours 

Free  swimming  pretrochophore ; 
negatively  geotactic 

18  hours 

Early  trochophore  with  apical 
tuft  and  prototroch 

23  hours 

Trochophore  with  provisional  setae; 
appearance  of  defensive  behavior 

6O-65  hours 

Feeding  trochophore 

3.5-4  days 

Metatrochophore ;  positively 
phototactic 

18  days 

Formation  of  tentacle  buds; 
positively  phototactic 

4  weeks 

Nectochaeta  competent  to 
metamorphose;  positively 
phototactic;  positively  geotactic 

5-6  weeks 

Larvae  begin  crawling  behavior; 

6-8  weeks 

metamorphosis;  provisional  setae 
lost;  anterior  rotation  of  tentacles; 
building  of  tubes 

Juvenile;  appearance  of  2  pairs  of  7-9  weeks 

tentacles;  settling  paleae  and  larval 
pigmentation  still  present;  formation  of 
caudal  appendage 

Juvenile;  appearance  of  3rd  pair 
of  tentacles;  outer  and  inner  paleae 
present  in  operculum;  few  settling  paleae 
still  present;  caudal  appendage  well 


10-12  weeks 
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Table  1:  Continued 

formed;  loss  of  larval  pigmentation 

Juvenile;  complete  loss  of  settling  12-15  weeks 

paleae;  inner,  middle,  and  outer 
primary  paleae  present;  appearance  of 
2nd  thoracic  segment 
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Figure  1 :  Diagram  of  the  anterior  end  of  Sabellaria 
(after  Ebling,  19^5) 


Legend : 

B  -  Branchia 
BO  -  Building  organ 
DS  -  Dorsal  setae 
I  -  Inner  opercular  paleae 
0  -  Outer  opercular  paleae 
TF  -  Tentacular  filaments 
U  -  Uncinigerous  lobe 
VS  -  Ventral  setae 
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Figure  2:  Scanning  electron  micrographs  (SEM)  of  the 

anterior  end  of  adult  Sabellaria  cementarium . 

A.  Right  lateral  view  of  the  prostomium  of  an  adult 
worm  showing  the  prominent  operculum  characteristic 
of  sabellariids .  Scale  bar  =  0 . 5  mm 

B.  Frontal  view  of  the  operculum  of  an  adult  worm. 

Note  the  numerous  tentacular  filaments  on  either  side 
of  the  operculum.  Scale  bar  =  0 . 5  mm 


Legend 

OC  -  Opercular  cirri 
OP  -  Operculum 
T  -  Tentacles 


Figure  3  s  Early  embryo gene sis  of  S.  cementarium. 


A.  Unfertilized  oocytes  after  germinal  vesicle  breakdown. 
Note  the  ellipsoid  shape  of  the  vitelline  membrane. 
Scale  bar  =  3° 

B.  Fertilized  oocyte  which  has  released  first  and  second 
polar  bodies.  Note  the  rounding  up  of  the  vitelline 
membrane.  Scale  bar  =3 0  urn 

C.  Oocyte  in  trefoil  stage.  Note  the  large  first  polar 
lobe.  Scale  bar  =  JO  jam 

D.  Late  cleavage  stage.  Scale  bar  =  JO  um 


Legend: 

PB  -  Polar  body 
PL  -  Polar  lobe 
VM  -  Vitelline  membrane 


- 


143 


Figure  4:  Development  of  the  planktonic  larvae  of 
S.  cementarium ,  I. 

A.  Free  swimming,  18  hour  bias tula.  Note  the  prominent 
vitelline  membrane  surrounding  the  bias tula. 

Scale  bar  =  40  urn 

B.  Trochophore  23  hours  old  with  long  apical  tuft. 

Scale  bar  =  40  um 

C.  Trochophore  44  -  46  hours  old.  Moderate  squash  of  the 
larva  accounts  for  its  increase  in  size. 

Scale  bar  =  40  urn 

D.  Trochophore  62  hours  old  with  newly  formed  provision¬ 
al  setae.  Note  the  faint  outline  of  the  developing 
gut.  Scale  bar  =  40  pm 


Legend : 

AT  -  Apical  tuft 

PS  -  Provisional  setae 

PT  -  Prototroch 

VM  -  Vitelline  membrane 
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Figure  5:  Development  of  the  planktonic  larvae  of 
S.  cementarium ,  II. 

A.  Dorsal  view  of  65  hour  trochophore.  Note  the 
presence  of  two  pairs  of  provisional  setae  and  the 
forming  gut.  Scale  "bar  =  40  yin 

B.  Dorsal  view  of  3*5  day  old  trochophore.  Note  the 
length  of  the  provisional  setae  compared  to  the 
body  of  the  larva.  Scale  bar  =  40  rim 

C.  Dorsal  view  of  5  day  old  trochophore  showing  the 
developing  alimentary  tract.  Scale  bar  =  40  ym 

D.  Dorsal  view  of  12  day  old  trochophore.  The  eyespot 
can  be  seen  on  the  right  side.  Note  the  well-defined 
alimentary  tract.  Scale  bar  =  40  ym 


Legend : 

AT  -  Apical  tuft 
E  -  Eyespot 
G  -  Gut 
PT  -  Prototroch 


- 

Figure  6:  Development  of  the  planktonic  larvae  of 
S.  cementarium ,  III. 

A.  Dorsal  view  of  18  day  old  me tatrochophore . 

Scale  bar  =  40  jum 

B.  Right,  lateral  view  of  a  larva  developing  tentacle 
buds  approximately  4.5  weeks  old.  Note  the 
prominent  oral  hood  fold.  Scale  bar  =  40  jum 

C.  Left,  lateral  view  of  a  competent  larva,  7  weeks 
old.  Scale  bar  =  40  urn 

D.  Ventral  view  of  a  metamorphosing  larva  in  which  the 
tentacles,  opercular  cirri,  and  setal  sacs  have 
begun  to  rotate  anteriorly.  Arrows  indicate  the 
decrease  in  size  of  the  prostomium.  Also  note  the 
enlarged  building  organ  and  provisional  setae  which 
have  begun  to  drop  out.  Scale  bar  =  40  ;um 


Legend : 

BO  -  Building  organ 
E  -  Eye 
M  -  Mouth  ' 

0C  -  Opercular  cirri 
OH  -  Oral  hood  fold 
PS  -  Provisional  setae 
ST  -  Stomach 
T  -  Tentacle 
TB  -  Tentacle  bud 
UL  -  Uncinigerous  lobe 
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Figure  7:  SEM  of  23  hour  trochophore  and  65  hour 
trochophore . 

A.  Dorsal  view  of  a  23  hour  trochophore.  The  apical 
end  is  obscured  from  view.  Note  the  gland  pore 
below  the  prototroch  and  the  posterior  cilia  on  the 
hyposphere.  Scale  bar  =  10  jam 

B.  Lateral  view  of  a  65  hour  trochophore  with  2  pairs  of 
provisional  setae.  Note  the  long  cilia  of  the  apical 
tuft  and  the  gland  pore  above  the  prototroch. 

Scale  bar  =  20  pirn 


Legend : 

AT  -  Apical  tuft 
C  -  Cilia 
GP  -  Gland  pore 
PS  -  Provisional  setae 
PT  -  Prototroch 
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Figure  8:  SEM  of  5  day  old  trochophore. 

A.  Ventral  view  of  a  larva  showing  the  prominent  oral 
ciliation  and  the  neurotroch  leading  from  the  mouth. 
Note  the  prototroch  is  composed  of  2  bands  of  cilia. 
Scale  bar  =  10  pm 

B.  Apical  tuft  of  the  same  larva.  Scale  bar  =  10  pm 

C.  Dorsal  view  of  a  larva  showing  the  length  of  the 
provisional  setae  in  relation  to  the  body  and  the 
gap  in  the  prototroch  on  the  dorsal  surface. 

Scale  bar  =  20  pm 


Legend : 

AT  -  Apical  tuft 
M  -  Mouth 
NT  -  Neurotroch 
PS  -  Provisional  setae 
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Figure  9:  SEM  of  me tatrochophore  larva  and  larva  with 
tentacle  buds. 

A.  Left,  lateral  view  of  me tatrochophore  showing  the 
oral  hood  fold  surrounding  the  mouth  on  the  ventral 
surface  and  the  prominent  telotroch  and  grasping 
cilia  on  the  pygidium.  Scale  bar  =  20  urn 

B.  Lateral  view  of  the  grasping  cilia  from  the  pygidium 
of  the  metatrochophore  larva.  Note  how  they  are 
composed  of  individual  cilia.  Scale  bar  =  10  urn 

C.  Dorsal  view  of  larva  with  developing  tentacle  buds. 
Note  the  gap  in  the  prototroch  on  the  dorsal  surface 
of  the  episphere.  Scale  bar  =  50  nm 


Legend : 

GC  -  Grasping  cilia 
OH  -  Oral  hood  fold 
PT  -  Prototroch 
TB  -  Tentacle  bud 
TT  -  Teletroch 
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Figure  10:  SEM  of  competent  larvae. 

A.  Left,  lateral  view  of  a  competent  larva.  Note  that 
the  prototroch  is  composed  of  two  ciliary  hands. 
Scale  har  =  50  wa 

B.  Ventral  view  of  a  competent  larva  showing  the 
neurotroch  which  extends  from  the  mouth  to  the 
telotroch.  Scale  har  =  100  rim 

C.  Dorsal  view  of  a  competent  larva.  Note  the  dorsal 
hump  situated  between  the  tentacles,  the  parapodial 
lohes  on  the  parathoracic  segments,  and  the 
uncinigerous  lohes  on  the  abdominal  segments. 

Scale  har  =  50  11m 


Le gend : 

AS  -  Abdominal  segments 
E  -  Epi sphere 
DH  -  Dorsal  hump 
NT  -  Neurotroch 
P  -  Pygidium 

PS  -  Parathoracic  segments 
PT  -  Prototroch 
T  -  Tentacle 
TS  -  Thoracic  segment 
TT  -  Telotroch 
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Figure  11:  SEM  of  a  competent  larva  showing  the  tentacle 

and  mouth. 

A.  Lateral  view  of  the  tentacle  showing  the  ciliated 
groove  which  extends  along  the  entire  length  of 
the  ventral  surface.  Scale  bar  =  10  ym 

B.  Dorsal  view  of  the  tentacle  showing  the  ciliary 
sensory  tufts.  Scale  bar  =  4  jam 

C.  Ventral  view  of  the  episphere  showing  the  mouth 
surrounded  on  either  side  by  the  lip  folds.  Note 
also  the  building  organ  located  below  the  mouth 
and  the  opercular  cirri.  Scale  bar  =  20  jam 


Le gend : 

BO  -  Building  organ 
CT  -  Ciliary  tract 
LF  -  Lip  fold 
M  -  Mouth 
OP  -  Opercular  cirri 
ST  -  Sensory  tuft 
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Figure  12:  SEM  of  a  competent  larva  showing  the  uncini 

and  setae. 

A.  Frontal  view  of  the  uncini  of  the  abdominal  un- 
cinigerous  lobes.  Scale  bar  =  2  um 

B.  View  of  the  provisional  setae  showing  the  collar 
serrations  which  extend  along  the  length  of  the  setae. 
Scale  bar  =  4  um 

C.  Dorsal  view  of  the  parathoracic  segments  showing  the 
winged  and  capillary  setae  of  the  parapodial  lobes. 
Note  also  the  nototrochs  on  the  posterior  margins 

of  the  parathoracic  segments.  Scale  bar  =  10  um 


Legend : 

CPS  -  Capillary  setae 
CS  -  Collar  serrations 
NT  -  Nototrochs 
UL  -  Uncinigerous  lobe 
WS  -  Winged  setae 


- 


*  ' 


Figure  13:  SEM  of  a  competent  larva  showing  the  epidermal 

gland  pores. 

A.  Ventral  surface  of  the  parathoracic  segments  showing 
the  numerous  recessed  gland  pores.  Ciliary  sensory 
tufts  can  also  be  seen.  Scale  bar  =  5  P 

B.  Dorsal  surface  of  a  tentacle  of  the  competent  larva. 
The  raised  gland  pore  can  be  seen  along  with  secretory 
material  which  was  presumably  discharged  from  the 
gland.  Scale  bar  =  5  nm 


Legend : 

GP  -  Gland  pore 
NT  -  Neurotroch 
S  -  Secretory  material 
ST  -  Sensory  tuft 


. 
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Figure  14:  SEM  of  episphere  and  pygidium  of  a  competent 

larva. 

A.  Apical  view  of  the  episphere  showing  the  raised 
gland  pores.  Scale  bar  =  50  tun 

B.  Enlargement  of  epispheral  gland  pores. 

Scale  bar  =  10  jam 

C.  Posterior  view  of  the  pygidium  showing  the  numerous 
raised  gland  pores  surrounding  the  anal  opening. 
Scale  bar  =  10  jam 


Legend: 

A  -  Anus 
GP  -  Gland  pores 
PT  -  Prototroch 
TT  -  Telotroch 
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Figure  15:  Diagrammatical  representation  of  the  behavior 

of  the  competent  and  metamorphosing  larvae 
of  S.  cementarium. 

A.  Competent  larva  exploring  the  sand  grains  with  the 
top  of  its  episphere.  Arrows  indicate  the  rotation 
of  the  larva. 

B.  Competent  larva  exploring  the  sand  grains  with  its 
building  organ. 

C.  Metamorphosing  larva  crawling  over  the  substrate. 

The  extended  tentacle  determines  the  direction  of 
movement . 
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Figure  1 6 :  Defensive  behavior  of  the  planktonic  larva. 

A.  Larva  swimming  with  the  provisional  setae  at  the  sides 
of  the  body  prior  to  irritation.  Scale  bar  =  40  ;jin 

B.  Larva  which  has  been  irritated.  Note  that  the  setae 
are  erected  to  surround  the  body.  Scale  bar  =  40  yin. 


Legend : 

PS  -  Provisional  setae 


B 


Figure  17:  Transmission  electron  micrographs  (TEM)  of 

the  cuticle  of  a  5  day  trochophore. 

A.  Section  through  the  cuticle  derived  from  the  vitelline 
membrane  showing  Zones  I  and  II.  Note  the  branching 
microvilli  extending  from  the  epidermal  cells. 

Scale  bar  =  0.05  nm 

B.  Section  through  the  newly  secreted  larval  cuticle. 

Note  the  absence  of  Zones  I  and  II  which  were  present 
in  the  cuticle  derived  from  the  vitelline  membrane. 

The  number  of  microvilli  extending  from  the  epidermal 
cells  is  reduced.  Scale  bar  =  0.05  ym 


Legend : 

1  -  Zone  I 

2  -  Zone  II 

C  -  Cilium 

L  -  Lipid  droplet 

MY  -  Microvilli 
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Figure  18:  TFM  of  pro to trochal  cells  and  esophagus  of  a 

5  day  trochophore. 

A.  Section  through  the  prototroch  showing  the  cuboidal 
shape  of  the  prototrochal  cell  and  the  insertion  of 
the  prototrochal  muscle  below  the  prototrochal  cell. 
Note  the  long,  primary  ciliary  rootlets  and  the 
mitochondria  within  the  prototrochal  cell. 

Scale  bar  =  1  urn 

B.  Section  through  the  esophagus  showing  the  cuticular 
lining  of  the  esophageal  lumen.  Note  the  numerous 
microvilli  extending  from  the  esophageal  cells  through 
the  cuticle.  Scale  bar  =  1  urn 


Legend : 

C  -  Cilia 

CR  -  Ciliary  rootlet 
CU  -  Cuticle 
L  -  Lipid  droplet 
MI  -  Mitochondria 
M  -  Muscle 
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Figure  19s  Setal  sacs. 

A.  Frontal  section  of  a  46  hour  trochophore  showing  a 
developing  setal  sac.  At  this  stage  the  sac  contains 
two  chae to blast  cells.  Note  the  developing  provisional 
seta,  indicated  by  the  arrow.  Scale  bar  =  5  tun 

B.  Sagittal  section  of  a  65  hour  trochophore.  Note  the 
increase  in  the  number  of  cells  comprising  the  setal 
sac.  Scale  bar  =  5  Jjm 

C.  Sagittal  section  of  a  metatrochophore  with  tentacle  buds 
showing  the  undifferentiated  chaetoblast  cells  in  the 
parapodia  of  the  parathoracic  segments. 

Scale  bar  =  10  jam 

D.  Frontal  section  of  a  competent  larva  showing  the  para- 
podial  setal  sacs  of  the  parathoracic  segments.  The 
chaetoblast  cells  are  located  basally  in  the  sacs  and 
they  are  indicated  by  the  arrows.  Scale  bar  =  10  jam 


Legend : 

CU  -  Cuticle 

E  -  Esophagus 

PS  -  Parathoracic  setal  sac 

S  -  Seta 

SS  -  Setal  sac 

ST  -  Stomach 

TT  -  Telotroch 

V  -  Vacuoles 

VC  -  Vacuolated  cells 

VNC  -  Ventral  nerve  cord 


Figure  20:  TEM  of  an  oblique  section  through  the  setal 

sac  of  a  5  day  trochophore. 

Muscles  invest  the  outer  surface  of  the  setal  sac. 
Located  within  the  setal  sac  are  the  lateral  cells 
which  secrete  the  cuticular  lining  of  the  follicle  in 
which  the  provisional  seta  lies.  Microvilli  extend 
through  the  cuticle  from  the  lateral  cells.  Note  the 
microvilli  at  the  base  of  the  follicle  on  which  the 
setae  are  formed.  Scale  bar  =  0.25  J-un 


Legend: 

CB  -  Chaetoblast  cell 
M  -  Muscle 
MV  -  Microvilli 
L  -  Lateral  cell 
S  -  Seta 
V  -  Vacuole 


' 
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Figure  21:  TEM  of  sections  through  the  provisional  setae 

of  a  5  day  trochophore. 

A.  Oblique  section  through  a  provisional  seta  showing 
the  channels  which  extend  the  length  of  the  seta. 
Scale  bar  =  0,1  jjim 

B.  Section  through  the  base  of  a  follicle  in  which  the 
provisional  seta  lies.  Note  the  basal  lamina  lying 
between  the  muscle  and  the  chaetoblast  cell  and  the 
prominent  microvilli  of  the  chaetoblast  cell  on 
which  the  setae  are  formed.  Scale  bar  =  0.1  um 


Legend : 

BL  -  Basal  lamina 
C  -  Channel 
M  -  Muscle 
MY  -  Microvilli 


# . 
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Figure  22:  Development  of  muscle  system,  I. 

A.  Sagittal  section  of  a  3*5  day  trochophore  showing  the 
developing  setal  sac  muscles  which  surround  the  setal 
sacs.  Note  the  large  cell  containing  numerous  vacuoles 
in  the  posterior  region  of  the  esophagus. 

Scale  bar  =  5 

B.  Frontal  section  of  a  3*5  day  trochophore  showing  the 
developing  medial  branch  of  the  prototrochal  muscle, 
which  extends  from  the  prototrochal  cells  to  the  setal 
sac  muscles.  Scale  bar  =  5  JJm 

C.  Frontal  section  of  a  5  day  trochophore  showing  the 
prototrochal  and  esophageal  muscles.  Note  the  hyper¬ 
trophy  of  the  muscles  relative  to  the  3*5  day 
trochophore.  Scale  bar  =  10  jum 

D.  Frontal  section  of  a  metatrochophore  with  tentacle  buds 
showing  the  supraesophageal  and  setal  sac  muscles. 

Note  the  circumesophageal  blood  vessel  located  within 
the  peritoneum  associated  with  the  longitudinal  muscles. 
Scale  bar  =  10  jjm 


Legend : 

CEV  -  Circumesophageal  blood  vessel 

E  -  Esophagus 

EM  -  Esophageal  muscle 

PM  -  Prototrochal  muscle 

PMC  -  Presumptive  mesodermal  cells 

PTC  -  Prototrochal  cell 

PTM  -  Prototrochal  muscle 

SEM  -  Supraesophageal  muscle 

SS  -  Setal  sac 

SSM  -  Setal  sac  muscle 
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Figure  23s  Development  of  muscle  system,  II. 

A.  Frontal  section  of  a  me tatrochophore  with  tentacle  buds 
showing  the  supraesophageal  muscle  which  extends  from 
the  esophagus  to  the  setal  sac  muscles.  Note  the 
posterior  branch  of  the  setal  sac  muscles  which  inserts 
onto  the  longitudinal  muscles.  Scale  bar  =  10  jam 

B.  Frontal  section  of  a  metatrochophore  with  tentacle  buds 
showing  the  lateral  muscle  of  the  episphere  which 
originates  at  the  base  of  the  tentacle  and  inserts 
onto  the  setal  sac  muscles.  Scale  bar  =  10  urn 

C.  Frontal  section  of  a  metatrochophore  with  tentacle  buds 
showing  the  medial  branch  of  the  prototrochal  muscle. 
Scale  bar  =  10  jam 

D.  Frontal  section  of  a  competent  larva  showing  the  setal 
sac-esophageal  muscle  complex.  Note  the  supraesophageal 
muscle  and  the  posterior  branch  of  the  setal  sac  muscles 
which  insert  onto  the  setal  sac  and  longitudinal  muscles, 
respectively.  Scale  bar  =  10  ,um 


Le gend : 


E 

LM 

MBPTM  - 

SEM 

SS 

SSM 

ST 

T 


Esophagus 

Longitudinal  muscles 

Medial  branch  of  the  prototrochal  muscle 

Supraesophageal  muscle 

Setal  sac 

Setal  sac  muscle 

Stomach 

Tentacle 


L 


<> 
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Figure  24:  Development  of  muscle  system,  III. 

A.  Frontal  section  of  a  competent  larva  showing  the 
esophageal  connection  of  the  setal  sac  muscles. 

Scale  bar  =  10  urn 

B.  Frontal  section  of  a  competent  larva  showing  the  medial 
branch  of  the  proto trochal  muscle.  Note  the  ventral 
root  of  the  circumesophageal  commissure  lying  below  the 
epidermis.  Scale  bar  =  10  urn 

C.  Cross-section  of  a  competent  larva  through  the  region 
of  the  intestine.  Note  that  the  dorsal  longitudinal 
muscles  appear  larger  than  the  ventral  longitudinal 
muscles  in  cross-section.  Scale  bar  =  10  jum 

D.  Cross-section  of  a  competent  larva  showing  the  thin 
band  of  circular  muscle  lying  below  the  epidermis. 

Scale  bar  =  5  ^m 


Legend : 

CM  -  Circular  muscle 

DLM  -  Dorsal  longitudinal  muscle 

E  -  Esophagus 

ECSSM  -  Esophageal  connection  of  the  setal  sac  muscles 

EG  -  Esophageal  glands 

MBPTM  -  Medial  branch  of  the  prototrochal  muscle 

NT  -  Neurotroch 

SS  -  Setal  sac 

ST  -  Stomach 

VLM  -  Ventral  longitudinal  muscle 

VR  -  Ventral  root  of  the  circumesophageal  commissure 
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Figure  25*  Development  of  the  coelomic  cavities. 

A.  Frontal  section  of  a  5  day  trochophore  showing  the 
primary  coelomic  cavity.  Note  the  presumptive  meso¬ 
dermal  cells  located  in  the  hyposphere  which  will  form 
the  prepygidial  growth  zone  in  the  later  stage  larvae . 
Scale  bar  =  10  jam 

B.  TEM  section  through  the  esophagus  of  a  5  day  troch¬ 
ophore  showing  a  portion  of  the  peritoneum  lying  above 
the  esophageal  cells.  Scale  bar  =  1  urn 

C.  Sagittal  section  of  a  metatrochophore  with  tentacle 
buds  showing  the  primary  coelomic  cavity  and  the 
segmental  coelomic  cavities.  Scale  bar  =  20  jam 

D.  Enlargement  of  the  segmental  coelomic  cavities  showing 
the  thin  septa  which  separate  the  coelomic  cavities. 
Scale  bar  =  10  run 


Legend : 

E  -  Esophagus 

P  -  Peritoneum 

PC  -  Primary  coelomic  cavity 

PMC  -  Presumptive  mesodermal  cells 

SC  -  Segmental  coelomic  cavity 

SS  -  Setal  sac 

SSM  -  Setal  sac  muscles 

ST  -  Stomach 

VC  -  Vacuolated  cells 
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Figure  26:  Development  of  alimentary  tract,  I. 

A.  Sagittal  section  of  an  1 8  hour  pre trochophore  showing 
the  numerous  lipid  droplets  located  within  the  cells 
and  the  rudiment  of  the  lateral  mucoid  gland  cell. 

Note  the  invagination  which  may  represent  the 
developing  stomodeal  invagination.  Scale  har  =  10  urn 

B.  Cross-section  of  a  23  hour  trochophore  showing  the 
developing  esophagus  and  stomach.  Scale  bar  =  5  tim 

C.  Sagittal  section  of  a  44  hour  trochophore  showing  the 
stomodeal  invagination  and  stomach.  Scale  bar  =  5  >um 

D.  Frontal  section  of  a  44  hour  trochophore  showing  the 
esophagus  and  stomach.  Note  the  concentration  of  lipid 
droplets  within  the  esophageal  cells  and  the  sparse 
ciliation  of  the  stomach  cells.  Scale  bar  =  5 


Legend : 

E  -  Esophagus 
I  -  Stomodeal  invagination 
L  -  Lipid  droplets 
MC  -  Mucoid  gland  cell 
PT  -  Prototrochal  cell 
ST  -  Stomach 
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Figure  27:  Development  of  alimentary  tract,  II. 

A.  Sagittal  section  of  65  hour  trochophore  showing  the 
columnar  esophageal  cells.  Note  the  setal  sacs  and 
paired,  lateral  mucoid  gland  cells.  Scale  bar  =  5  Jum 

B.  Sagittal  section  of  a  65  hour  trochophore  showing  the 
large  vacuolated  cell  of  the  postero-lateral  portion 
of  the  esophagus.  Scale  bar  =  5  tun 

C.  Cross-section  of  a  65  hour  trochophore  showing  the 
esophagus  and  stomach.  Note  the  reduction  in  number 

of  the  lipid  droplets  within  the  esophageal  and  stomach 
cells.  Scale  bar  =  5 

D.  Frontal  section  of  a  3*5  hay  trochophore  showing  the 
elongation  of  the  esophagus.  Arrows  indicate  the 
cuticular  lining  of  the  esophageal  lumen. 

Scale  bar  =  5  Aim 


Legend : 

E  -  Esophagus 

MG  -  Mucoid  gland  cells 

PT  -  Prototrochal  cell 

S  -  Seta 

SS  -  Setal  sac 

ST  -  Stomach 
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Figure  28:  Development  of  alimentary  tract,  III. 

A.  Sagittal  section  of  a  5  day  trochophore  showing  the 
septum  which  demarcates  the  stomach  and  intestine. 
Scale  bar  =  20  pm 

B.  Frontal  section  of  a  me tatrochophore .  The  arrows 
indicate  the  dense  border  of  cilia  within  the  lumen  of 
the  esophageal-stomach  junction.  Scale  bar  =  5  ym 

C.  Sagittal  section  of  a  me tatrochophore  showing  the 
vacuolated  cells  of  the  upper  stomach.  Note  the 
elongation  of  the  stomach  and  the  presence  of 
numerous  lipid  droplets  within  the  stomach  cells. 

Scale  bar  =  10  pm 

D.  Cross-section  of  a  me tatrochophore  through  the  region 
of  the  stomach.  Note  the  stomach  cells  possessing 
presumptive  zymogen  granules.  Scale  bar  =  5  tun 


Legend : 

E  -  Esophagus 

I  -  Intestine 

L  -  Lipid  droplets 

PZG  -  Presumptive  zymogen  granules 

S  -  Septum 

SS  -  Setal  sac 

ST  -  Stomach 

VC  -  Vacuolated  cells 
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Figure  29:  Development  of  alimentary  tract,  IV. 

A.  Frontal  section  of  a  metatrochophore  with  tentacle  buds 
showing  the  light  and  dark -staining  cells  of  the 
esophagus.  Scale  bar  =  10  um 

B.  Frontal  section  of  a  metatrochophore  with  tentacle  buds 
showing  the  rudiments  of  the  esophageal  glands. 

Scale  bar  =  5  jam 

C.  Frontal  section  of  a  competent  larva  showing  the 
esophageal  gland  cells  which  contain  the  pink-staining 
flocculent  material.  Note  the  medial  branch  of  the 
prototrochal  muscle  and  the  ventral  ganglia. 

Scale  bar  =  10  jum 

D.  Frontal  section  of  a  competent  larva  showing  the 
vacuolated  cells  of  the  stomach.  Note  the  thin 
septum  separating  the  stomach  and  intestine  and  the 
weakly  ciliated  cells  of  the  intestine. 

Scale  bar  =  10  urn 


Legend : 

DC  -  Dark- staining  cells  of  the  esophagus 

E  -  Esophagus 

EG  -  Esophageal  glands 

LC  -  Light -staining  cells  of  the  esophagus 

M  -  Medial  branch  of  the  prototrochal  muscle 

S  -  Septum 

ST  -  Stomach 

VC  -  Vacuolated  cells 

VG  -  Ventral  ganglia 
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Figure  30 s  TEM  of  the  stomach  of  a  5  day  trochophore. 

A.  Section  through  the  stomach  showing  the  vacuolated  cells 
of  the  upper  stomach.  Note  the  presence  of  microvilli 
on  the  vacuolated  cells.  The  lower  esophagus  can  he 
seen  in  the  upper  right.  Scale  "bar  =  5  J-un 

B.  Enlargement  of  the  vacuolated  cells  of  the  upper 
stomach.  Arrows  indicate  the  vacuoles  which  enclose 
a  flocculent  material.  Scale  har  =  0.25  tun 


Legend : 

E  -  Esophagus 
MY  -  Microvilli 
ST  -  Stomach 
VC  -  Vacuolated  cell 
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Figure  31s  Development  of  nervous  system,  I. 

A.  Frontal  section  of  a  12  day  trochophore  showing  the 
cerebral  ganglion.  Scale  bar  =  10  run 

B.  Frontal  section  of  a  me tatrochophore  showing  the  dorsal 
root  of  the  circumesophageal  commissure  and  the  sub- 
esophageal  ganglion.  Scale  bar  =  10  urn 

C.  Frontal  section  of  a  me tatrochophore  showing  the 
cerebral  ganglion  which  is  now  bilobed.  Note  the 
marked  enlargement  of  this  ganglion.  Scale  bar  =  5 

D.  Frontal  section  of  a  me tatrochophore  showing  the 
developing  pigment-cup  eyespot  and  the  ventral  root 
of  the  circumesophageal  commissure.  Scale  bar  =  5^ 


Legend : 

CG  -  Cerebral  ganglion 

DCG  -  Dorsal  root  of  the  circumesophageal  commissure 

E  -  Esophagus 

EY  -  Eyespot 

MG  -  Mucoid  gland  cell 

PT  -  Prototrochal  cell 

SEG  -  Subesophageal  ganglion 

ST  -  Stomach 

VC  -  Vacuolated  cells 

VCG  -  Ventral  root  of  the  circumesophageal  commissure 
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Figure  32:  Development  of  nervous  system,  II. 

A.  Frontal  section  of  a  metatrochophore  with  tentacle  buds 
showing  the  dorsal  and  ventral  roots  of  the  circum- 
esophageal  commissure.  Note  the  ventral  nerve  cord 
which  first  becomes  apparent  in  this  stage. 

Scale  bar  =  10  .urn 

B.  Frontal  section  of  a  metatrochophore  with  tentacle  buds 
showing  the  subesophageal  ganglion.  Note  the  enlarge¬ 
ment  of  this  ganglion.  Scale  bar  =  10  urn 

C.  Sagittal  section  of  a  metatrochophore  with  tentacle  buds 
showing  the  subesophageal  ganglion.  Note  the  rudiments 
of  gland  cells  A,  B,  and  C.  Scale  bar  =  10  uim 

D.  Frontal  section  of  a  competent  larva  showing  the  bilobed 
cerebral  ganglion.  Scale  bar  =  10  um 


Legend : 

CG  -  Cerebral  ganglion 

DR  -  Dorsal  root  of  the  circumesophageal  commissure 
E  -  Esophagus 

gAB  -  Rudiment  of  gland  cells  A  and  B 

gC  -  Rudiment  of  gland  cell  C 

SEG  -  Subesophageal  ganglion 

ST  -  Stomach 

VNC  -  Ventral  nerve  cord 

VR  -  Ventral  root  of  the  circumesophageal  commissure 


Figure  33 s  Development  of  nervous  system,  III, 

A.  Sagittal  section  of  a  competent  larva  showing  the 
cerebral  ganglion,  eyespot,  and  apical  sensory  cell. 
Arrows  indicate  the  connectives  from  the  cerebral 
ganglion  to  the  eyespot  and  sensory  cell. 

Scale  bar  =  5 

B.  Sagittal  section  of  a  competent  larva  showing  the 
positions  of  the  dorsal  and  ventral  roots  of  the 
circumesophageal  commissures  in  relation  to  the  cerebral 
ganglion.  Scale  bar  =  5  fim 

C.  Frontal  section  of  a  competent  larva  showing  the  dorsal 
and  ventral  roots  of  the  circumesophageal  commissure, 
subesophageal  ganglion,  and  ventral  ganglia.  Note 

the  glandularity  of  the  building  organ. 

Scale  bar  =  10  um 

D.  Cross-section  of  a  competent  larva  showing  the  paired 
ventral  nerve  cords.  Note  the  numerous  lipid  droplets 
within  the  Stomach  cells.  Scale  bar  =  10  jum 


Legend : 

AT  -  Apical  sensory  cell 
BO  -  Building  organ 
CG  -  Cerebral  ganglion 

DR  -  Dorsal  root  of  the  circumesophageal  commissure 

E  -  Esophagus 

EY  -  Eyespot 

gB  -  Gland  cell  type  B 

L  -  Lipid  droplets 

LM  -  Longitudinal  muscles 

MG  -  Mucoid  gland  cells 

SEG  -  Subesophageal  ganglion 

VG  -  Ventral  ganglia 

VNC  -  Ventral  nerve  cord 

VR  -  Ventral  root  of  the  circumesophageal  commissure 


Figure  34:  Circulatory  system. 

A.  Sagittal  section  of  a  metatrochophore  showing  the 
developing  supraesophageal  and  circumesophageal 
blood  vessels.  Note  the  mucoid  gland  cells  which 
extend  from  the  episphere  to  the  pygidium. 

Scale  bar  =  20  urn 

B.  Frontal  section  of  a  competent  larva  showing  the 
supraesophageal  blood  vessel.  Scale  bar  =  10  jum 

C.  Cross-section  of  a  competent  larva  showing  the 
dorsal  blood  vessel  lying  above  the  supraesophageal 
muscle.  Note  the  thin  membrane  surrounding  the 
lumen  of  the  blood  vessel  and  the  prominent  nucleus 
of  the  membrane.  Scale  bar  =  10  urn 

D.  Cross-section  of  a  competent  larva  showing  the 
dorsal  and  ventral  blood  vessels.  Scale  bar  =  10  ;um 


Legend : 

CEV  -  Circumesophageal  blood  vessel 
DS  -  Dorsal  blood  sinus 
DV  -  Dorsal  blood  vessel 
E  -  Esophagus 
EY  -  Eye 

LM  -  Longitudinal  muscle 

MG  -  Mucoid  gland  cell 

SEM  -  Supraesophageal  muscle 

SEV  -  Supraesophageal  blood  vessel 

SS  -  Setal  sac 

ST  -  Stomach 

VS  -  Ventral  blood  sinus 
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Figure  35*  Diagrammatical  representation  of  blood 

vessel  formation. 

A.  Formation  of  a  blood  vessel  by  the  separation  of  the 
apposed  surfaces  of  a  mesentery. 

B.  Formation  of  a  blood  sinus  by  the  separation  of  the 
mesoderm  from  the  wall  of  the  gut. 


Legend : 

BS  -  Blood  sinus 
BV  -  Blood  vessel 
M  -  Mesoderm 
N  -  Nucleus 


* 
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Figure  36:  Development  of  gland  cells,  I, 

A.  Cross-section  of  a  23  hour  trochophore  showing  the 
developing  lateral,  unicellular  mucoid  gland  located 
above  the  prototroch.  Scale  bar  =  5  urn 

B.  Cross-section  of  a  65  hour  trochophore  showing  the 
further  development  of  the  lateral  mucoid  gland.  Note 
the  increase  in  the  amount  of  secretory  material 
within  the  gland.  Scale  bar  =  5  tun 

C.  Frontal  section  of  a  3*5  day  trochophore.  An  apical 
mucoid  gland,  situated  above  the  esophagus,  first 
appears  in  this  stage.  Note  the  well  developed  setal 
sacs.  Scale  bar  =  5 

D.  Frontal  section  of  a  3*5  day  trochophore  showing  the 
enlargement  of  the  lateral  mucoid  gland.  Note  the 
prominent  vacuolated  cell  located  in  the  upper  stomach. 
Scale  bar  =  5 


Legend : 

E  -  Esophagus 

MG  -  Mucoid  gland 

PTC  -  Prototrochal  cell 

SS  -  Setal  sac 

ST  -  Stomach 

VC  -  Vacuolated  cell 


MG 
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Figure  37 *  Development  of  gland  cells,  II. 

A.  Frontal  section  of  a  12  day  trochophore  showing  the 
lateral  and  apical  mucoid  glands.  Scale  bar  =  5  nm 

B.  Frontal  section  of  a  12  day  trochophore  showing  the 
presence  of  mucoid  glands  in  the  elongating  hyposphere. 
Scale  bar  =  5  tun 

C.  Sagittal  section  of  a  metatrochophore  showing  the 
appearance  of  loculated  gland  cells  in  the  episphere. 
Note  that  the  mucoid  gland  cells  are  the  major  cell 
type  of  the  episphere.  Scale  bar  =  10  .urn 

D.  Sagittal  section  of  a  metatrochophore  showing  the 
mucoid  and  loculated  gland  cells  of  the  pygidium. 

Note  the  presence  of  large  lipid  droplets  within  the 
stomach  cells.  Scale  bar  =  10  urn 


Legend : 

E  -  Esophagus 

L  -  Lipid  droplet 

I  -  Intestine 

LG  -  Loculated  gland  cell 

MG  -  Mucoid  gland 

SS  -  Setal  sac 

ST  -  Stomach 


' 


■ 
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Figure  38:  Development  of  gland  cells,  III. 

A.  Sagittal  section  of  a  competent  larva  showing  the  mucoid 
gland  cells  located  in  the  episphere  and  pygidium. 

Scale  bar  =  20  urn 

B.  Sagittal  section  of  a  competent  larva  showing  gland 
cell  types  A,  B,  C,  and  E.  Note  the  large  setal  sac. 
Scale  bar  =  10  jam 

C.  Sagittal  section  of  a  competent  larva  showing  gland  cell 
types  C  and  D.  Note  the  building  organ  located  below 
the  oral  lip  fold  and  prominent  longitudinal  muscle. 
Scale  bar  =  10  ;om 

D.  Cross-section  of  a  competent  larva  showing  the  building 
organ  composed  of  type  A  and  B  gland  cells.  Note  the 
prominent  gland  cells  located  within  the  posterior 
region  of  the  esophagus.  Scale  bar  =  10  jam 


Legend : 

BO  -  Building  organ 
EG  -  Esophageal  glands 
gA  -  Gland  cell  type  A 
gB  -  Gland  cell  type  B 
gC  -  Gland  cell  type  C 
gD  -  Gland  cell  type  D 
gE  -  Gland  cell  type  E 
LIP-  Oral  lip  fold 
LM  -  Longitudinal  muscle 
MG  -  Mucoid  gland  cells 
SS  -  Setal  sac 
VC  -  Vacuolated  cells 
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Figure  39;  TEM  of  apical  gland  cells  in  a  5  day  trochophore. 

A.  Frontal  section  through  the  apical  unicellular  mucoid 
gland  showing  the  fibrillar  material  comprising  the 
mucoid  secretion.  Scale  bar  =  1  um 

B.  Enlargement  of  mucoid  gland.  Arrows  indicate  the  thin 
cell  membranes  surrounding  the  mucoid  secretion. 

Scale  bar  =  1  um 


Legend : 

CU  -  Cuticle 
E  -  Esophagus 
G  -  Gland 
N  -  Nucleus 


. 


Figure  40:  Larval  tentacles. 


A.  Frontal  section  of  a  me tatrochophore  with  tentacle  buds. 
Note  the  ring  muscle  of  the  tentacle  connecting  to  the 
supraesophageal  muscle  and  to  the  peritoneum  of  the 
longitudinal  muscle.  Situated  within  the  peritoneum  of 
the  longitudinal  muscle  is  a  circumesophageal  blood 
vessel.  Scale  bar  =  10  jum 

B.  Cross-section  through  the  distal  ends  of  the  tentacles 
of  a  competent  larva  showing  type  D  and  E  gland  cells. 
Note  the  sensory  tuft.  Scale  bar  =  10  jan 

C.  Longitudinal  section  of  a  tentacle  of  a  competent  larva 
showing  the  longitudinal  muscles.  Scale  bar  =  10  urn 

D.  Cross-section  through  the  proximal  end  of  a  tentacle 
showing  the  lateral  and  medial  coelomic  cavities  which 
are  separated  by  a  blood  vessel.  Note  the  insertion 
of  the  longitudinal  muscles  onto  the  ring  muscles. 

Scale  bar  =  5 


Legend : 

BV  -  Blood  vessel 

CEV  -  Circumesophageal  blood  vessel 

CT  -  Ciliary  tract 

E  -  Esophagus 

gD  -  Gland  cell  type  D 

gE  -  Gland  cell  type  E 

LC  -  Lateral  coelomic  cavity 

LM  -  Longitudinal  muscle 

MC  -  Medial  coelomic  cavity 

P  -  Peritoneum 

RM  -  Ring  muscle 

SEM  -  Supraesophageal  muscle 

SEV  -  Supraesophageal  blood  vessel 

ST  -  Sensory  tuft 

T  -  Tentacle 


o 


Figure  4l : 


Diagrammatical  representation  of  gregarious 
settlement  of  the  larvae  of  S.  cementarium 
in  the  dish  containing  the  tube  sand  of 
Idanthrysus  ornamentatus . 

Scale  bar  =  30°  pm 


2.2  mm 
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Figure  42: 


Diagrammatical  representation  of  gregarious 
settlement  of  the  larvae  of  S.  cementarium 
in  the  dish  containing  the  tube  sand  of 
Phragmatopoma  lapidosa. 

Scale  bar  =  300  jjm 
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Figure  43:  Me tamo rp hie  changes  in  the  cuticle  and  the 

coelomic  cavities. 

A.  Sagittal  section  of  a  2  day  post-settled  juvenile 
showing  the  parathoracic  cuticle  in  the  region  of 
glandular  discharge.  Note  the  presence  of  gland 
cell  types  A  and  B.  Scale  bar  =  10  urn 

B.  Sagittal  section  of  a  3  day  post-settled  juvenile 
showing  the  bilayered  cuticle.  Scale  bar  =  10  jam 

C.  Cross-section  of  a  1  day  post-settled  juvenile 
showing  the  newly  formed  head  coelom.  Note  that 
the  primary  coelom  is  retained. 

Scale  bar  =  10  urn 

D.  Sagittal  section  of  a  3  day  post-settled  juvenile 
showing  the  pygidial  coelomic  cavity.  Note  the 
numerous  loculated  gland  cells  within  the  pygidium 
and  the  reduction  in  number  of  mucoid  gland  cells. 
Scale  bar  =  10  jam 


% 


Legend : 

CU  -  Cuticle 

gB  -  Gland  cell  type  B 

HC  -  Head  coelom 

LG  -  Loculated  gland  cells 

LM  -  Longitudinal  muscles 

MG  -  Mucoid  gland  cells 

PC  -  Primary  coelomic  cavity 

PS  -  Parathoracic  setal  sac 

PYC  -  Pygidial  coelomic  cavity 

SS  -  Setal  sac 

ST  -  stomach 


PYC 
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Figure  44:  Metamorphic  changes  in  the  epidermis. 

A.  Cross-section  of  1  day  post-settled  juvenile  showing 
the  prototrochal  cell.  Note  the  reduction  in  the 
number  of  prototrochal  cilia.  Scale  bar  =  5  fim 

B.  Sagittal  section  through  the  prototrochal  region  of 

a  2  day  post-settled  juvenile.  The  prototrochal  cell 
is  barely  visible  due  to  the  atrophy  of  the  cell. 

Note  the  settling  paleae  in  the  setal  sac. 

Scale  bar  =  5 

C.  Sagittal  section  through  the  pygidium  of  a  3  day 
post-settled  juvenile  showing  the  reduction  in  the 
size  of  the  telotrochal  cell  and  the  number  of  cilia. 
Scale  bar  =  5 

D.  Sagittal  section  of  a  3  day  post-settled  juvenile 
showing  the  numerous  mucoid  glands  in  the  epidermis. 
The  prototrochal  cell  is  no  longer  visible. 

Scale  bar  =  5  Jum 


Legend : 

LG  -  Loculated  gland  cell 
MG  -  Mucoid  gland  cell 
P  -  Settling  paleae 
PT  -  Prototrochal  cell 
SS  -  Setal  sac 
TT  -  Telotrochal  cell 


■ 
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Figure  45:  Metamorphic  changes  in  the  setal  sacs. 

A.  Cross-section  of  a  1  day  post-settled  juvenile  showing 
the  setal  sacs  containing  the  settling  paleae.  Note 
that  the  setal  sacs  are  unchanged.  Scale  bar  =  10  jum 

B.  Sagittal  section  of  a  2  day  post-settled  juvenile 
showing  the  reduction  in  size  of  the  setal  sacs, 
presumably  due  to  histolysis.  Note  the  loculated 
gland  cells  in  the  prostomium  and  the  head  coelom. 
Scale  bar  =  10  ;um 

C.  Sagittal  section  of  a  3  day  post-settled  juvenile 
showing  the  further  reduction  of  the  setal  sacs. 

Scale  bar  =  10  .urn 

D.  Sagittal  section  of  a  3  day  post-settled  juvenile 
showing  the  setal  sacs  of  the  parathoracic  parapodia. 
Note  that  they  have  remained  unchanged  during 
metamorphosis.  Scale  bar  =  10  jum 


Legend : 

CG  -  Cerebral  ganglion 

E  -  Esophagus 

HC  -  Head  coelom 

LG  -  Loculated  gland  cells 

LM  -  Longitudinal  muscles 

P  -  Settling  paleae 

PS  -  Parathoracic  setal  sacs 

SS  -  Setal  sac 

ST  -  Stomach 


o 
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Figure  46:  Metamorphic  changes  in  the  muscle  system,  I. 

A.  Cross-section  of  a  1  day  post-settled  juvenile 
showing  the  disorganization  of  the  medial  branch  of 
the  prototrochal  muscle.  At  this  time  the  setal 
sac  muscles  resemble  those  of  the  competent  larva. 
Scale  bar  =  10  pirn 

B.  Cross-section  of  a  1  day  post-settled  juvenile 
showing  the  broken  band  of  longitudinal  muscles. 

Scale  bar  =  10  pirn 

C.  Cross-section  of  a  1  day  post-settled  juvenile 
showing  the  broken  connections  of  the  supraesophageal 
muscle  and  the  setal  sac  muscles  to  the  longitudinal 
muscles.  Arrows  indicate  the  broken  muscle  bundles. 
Scale  bar  =  10  jam 

D.  Cross-section  of  a  1  day  post-settled  juvenile 
showing  the  dorsal  and  ventral  longitudinal  muscles 
which  remain  unchanged  during  metamorphosis. 

Scale  bar  =  10  pirn 


Legend : 


DLM 

E 

I 

LM 

MBPTM 

SEM 

SSM 

VLM 


Dorsal  longitudinal  muscle 

Esophagus 

Intestine 

Longitudinal  muscle 

Medial  branch  of  the  prototrochal  muscle 

Supraesophageal  muscle 

Setal  sac  muscle 

Ventral  longitudinal  muscle 
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Figure  4?:  Metamorphic  changes  in  the  muscle  system,  II. 


A.  Sagittal  section  of  a  juvenile  2  days  post-settlement. 
Arrows  indicate  the  broken  connections  of  the  supra- 
esophageal  muscle  to  the  longitudinal  muscle. 

Scale  bar  =  10  urn 

B.  Sagittal  section  of  a  juvenile  2  days  post-settlement 
showing  the  thin  posterior  connection  of  the  setal 
sac  muscles  to  the  longitudinal  muscles. 

Scale  bar  =  10  jam 

C.  Sagittal  section  of  a  juvenile  3  hays  post-settlement 
showing  the  longitudinal  muscles.  Scale  bar  =  10  urn 

D.  Sagittal  section  of  a  3  days  post-settled  juvenile 
showing  the  setal  sac  muscle  which  connects  to  the 
longitudinal  muscles.  Scale  bar  =  10  jum 


Legend : 

CG  -  Cerebral  ganglion 

E  -  Esophagus 

EY  -  Eye spot 

gA  -  Gland  cell  type  A 

gB  -  Gland  cell  type  B 

LM  -  Longitudinal  muscles 

SS  -  Setal  sac 

SSM  -  Setal  sac  muscles 

ST  -  Stomach 

T  -  Tentacle 


231 


. 


Figure  48:  Metamorphic  changes  in  the  alimentary  tract,  I. 

A.  Cross-section  through  the  esophagus  of  a  1  day  post- 
settled  juvenile  showing  the  light  and  dark  staining 
esophageal  cells  and  the  esophageal  glands.  Note 

the  absence  of  the  esophageal  glands  of  the  competent 
larva  which  contained  the  flocculent  material. 

Scale  bar  =  10  urn 

B.  Cross-section  through  the  stomach  of  a  1  day  post- 
settled  juvenile  showing  the  vacuolated  cells  which 
have  not  yet  undergone  hypertrophy.  Scale  bar  =  10  jam 

C.  Sagittal  section  of  a  juvenile  2  days  post-settlement 
showing  the  absence  of  gland  cells  in  the  esophagus. 
Scale  bar  =  10  jam 

D.  Sagittal  section  of  a  juvenile  3  days  post-settlement 
showing  the  esophagus.  Note  that  the  dark-staining 
cells  are  now  scarce.  Scale  bar  =  10  jjm 


Legend : 

BO  -  Building  organ 

DBS  -  Dorsal  blood  sinus 

DC  -  Dark -staining  esophageal  cells 

E  -  Esophagus 

EG  -  Esophageal  glands 

gA  -  Gland  cell  type  A 

gB  -  Gland  cell  type  B 

LC  -  Light-staining  esophageal  cells 

PT  -  Prototrochal  cell 

SS  -  Setal  sac 

ST  -  Stomach 

VC  -  Vacuolated  cells 
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Figure  49:  Metamorphic  changes  in  the  alimentary  tract,  II. 

A.  Sagittal  section  of  a  juvenile  2  days  post-settlement 
showing  the  hypertrophy  of  the  vacuolated  cells  of  the 
upper  stomach.  Scale  bar  =  10  um 

B.  Sagittal  section  of  a  juvenile  3  days  post-settlement 
showing  the  continued  hypertrophy  of  the  vacuolated 
cells  and  their  dissociation.  Note  the  cellular 
debris  within  the  intestine,  indicated  by  the  arrows. 
Scale  bar  =  10  um 

C.  Enlargement  of  the  cellular  debris  within  the  intestine 
showing  the  dissociated  vacuolated  cells  and  the 
presumptive  zymogen  granules.  Scale  bar  =  5  ^m 

D.  Sagittal  section  of  a  juvenile  3  days  post-settlement 
showing  the  esophagus.  Note  the  epidermal  mucoid 
droplet  in  the  esophagus  and  the  obliteration  of  the 
esophageal-stomach  junction  by  the  hypertrophy  of  the 
vacuolated  cells.  Scale  bar  =  10  um 


Legend : 

E  -  Esophagus 

LM  -  Longitudinal  muscles 

MD  -  Mucoid  droplet 

PZG  -  Presumptive  zymogen  granules 

S  -  Septum 

SS  -  Setal  sac 

ST  -  Stomach 

VC  -  Vacuolated  cells 
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Figure  5°  *•  Metamorphic  changes  in  the  nervous  system. 

A.  Cross-section  through  the  prostomium  of  a  juvenile 

1  day  post-settlement  showing  the  optic  ganglia  and 
well  defined  eyespots.  Note  the  enlargement  of  the 
cerebral  ganglion.  Scale  bar  =  10  ,um 

B.  Sagittal  section  of  a  3  da y  post-settled  juvenile 
showing  the  shortening  of  the  ventral  root  of  the 
circumesophageal  commissure.  Note  the  epidermal 
mucoid  droplet  within  the  esophagus. 

Scale  bar  =  10  jum 

C.  Cross-section  of  a  1  day  post-settled  juvenile  showing 
the  subesophageal  ganglion  located  above  the  building 
organ.  Note  the  glandularity  of  the  building  organ. 
Scale  bar  =  10  jam 

D.  Cross-section  of  a  1  day  post-settled  juvenile  showing 
the  paired  ventral  nerve  cords.  Scale  bar  =  10  oom 


Legend : 

BO  -  Building  organ 
CG  -  Cerebral  ganglion 

CEC  -  Ventral  root  of  the  circumesophageal  commissure 

DBS  -  Dorsal  blood  sinus 

E  -  Esophagus 

EY  -  Eye spot 

LM  -  Longitudinal  muscles 

MD  -  Mucoid  droplet 

PS  -  Parathoracic  setal  sac 

SEG  -  Subesophageal  ganglion 

ST  -  Stomach 

VNC  -  Ventral  nerve  cord 


o 


VNC 


237 


■ 


Figure  51 :  Metamorphic  changes  in  the  gland  cells. 

A.  Cross-section  of  the  prostomium  of  a  juvenile  one  day 
post-settlement  showing  the  internal  reorganization 
of  the  lateral  mucoid  gland  cells.  Note  the  numerous 
loculated  gland  cells  which  have  appeared  in  the 
prostomium.  Scale  bar  =  10  um 

B.  Cross-section  of  the  pygidium  of  a  juvenile  one  day 
post-settlement  showing  the  reorganization  of  the 
mucoid  gland  cells.  Note  the  presence  of  the  loculated 
gland  cells.  Scale  bar  =  10  jam 

C.  Sagittal  section  of  a  2  day  post-settled  juvenile. 

Note  the  reduction  in  number  of  type  B  gland  cells 
and  the  absence  of  type  A  gland  cells.  Scale  bar  = 

20  um 

D.  Sagittal  section  of  a  3  day  post-settled  juvenile 
showing  the  reduction  in  the  number  of  type  A  gland 
cells.  Note  the  absence  of  type  B  gland  cells  and 
the  glandularity  of  the  building  organ.  Scale  bar  = 

20  jam 


Legend : 

BO  -  Building  organ 

E  -  Esophagus 

EY  -  Eye spot 

gA  -  Gland  cell  type  A 

gB  -  Gland  cell  type  B 

gC  -  Gland  cell  type  C 

LG  -  Loculated  glands 

LM  -  Longitudinal  muscles 

MG  -  Mucoid  gland  cells 

SEG  -  Subesophageal  ganglion 

ST  -  Stomach 

TT  -  Telotroch 

UL  -  Uncinigerous  lobe 

VNC  -  Ventral  nerve  cord 


Figure  52:  Micrographs  of  the  adult. 


A.  Cross-section  of  the  adult  epidermis  showing  the 
bilayered  cuticle  and  the  epidermal  mucoid  glands. 
Scale  bar  =  10  urn 

B.  Cross-section  showing  the  dorsal  blood  vessel  and 
stomach.  Note  the  acellular  blood  plasma  in  the 
blood  vessel  and  the  absence  of  vacuolated  cells 
in  the  stomach.  Scale  bar  =  20  um 

C.  Cross-section  showing  the  circular  muscle  below  the 
epidermis  and  the  longitudinal  muscles.  Note  the 
ventral  nerve  cord.  Scale  bar  =  20  um 

D.  Cross-section  showing  one-half  of  the  building  organ. 
Note  the  glandularity  of  it.  Scale  bar  =  20  um 


Legend: 

BO  -  Building  organ 
BV  -  Blood  vessel 
C  -  Coelom 
CM  -  Circular  muscle 
CU  -  Cuticle 

LM  -  Longitudinal  muscles 
MG  -  Mucoid  gland 
ST  -  Stomach 


. 
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Figure  53 *  Juvenile  stages  of  S.  cementarium. 


A.  Ventral  view  of  newly  metamorphosed  juvenile.  Note  the 
anterior  rotation  of  the  tentacles  and  enlarged  building 
organ.  Scale  bar  =  80  pm 

B.  Ventral  view  of  the  prostomium  of  the  juvenile  figured 
in  A,  showing  the  presence  of  the  settling  paleae  with¬ 
in  the  setal  sacs  and  loss  of  the  provisional  setae. 
Scale  bar  =  80  pm 

C.  Ventral  view  of  juvenile  5  days  after  settlement.  The 
forming  caudal  appendage  can  be  seen  below  the 
pygidial  pigmentation.  Scale  bar  =  80  pm 

D.  Dorsal  view  of  juvenile  18  days  after  settlement.  Note 
the  primary  tentacles  and  the  two  shorter  pairs  as  well 
as  the  now  prominent  caudal  appendage.  The  settling 
paleae  have  been  replaced  by  opercular  paleae. 

Scale  bar  =  160  pm 


Legend : 

BO  -  Building  organ 
CA  -  Caudal  appendage 
0C  -  Opercular  cirri 
OP  -  Operculum 
T  -  Tentacle 
UL  -  Uncinigerous  lobe 


D 
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Figure  SEM  of  juvenile  worm  18  days  after  settlement. 

A.  Dorsal  view  of  juvenile.  Note  that  there  are  still  only 
3  parathoracic  and  3  abdominal  segments  present. 

Scale  bar  =  50  jum 

B.  Lateral  view  of  the  tentacle  of  the  juvenile  showing 
the  ciliary  tract  on  the  ventral  surface  and  the  ciliary 
tufts  in  the  regions  of  the  corrugations  on  the 
tentacles.  Scale  bar  =  5 

C.  Enlargement  of  the  dorsal  prostomial  and  thoracic 
regions  showing  the  prominent  ciliary  sensory  tufts 
located  in  these  regions.  Scale  bar  =  20  ;am 


.Legend : 

A  -  Abdomen 
CG  -  Ciliary  groove 
CT  -  Ciliary  tuft 
OP  -  Operculum 
PT  -  Parathorax 
ST  -  Sensory  tuft 
T  -  Tentacle 


Figure  55:  SEM  of  a  juvenile  18  days  after  settlement 

showing  the  abdomen  and  operculum. 

A.  Right,  lateral  view  of  the  abdomen  of  the  juvenile 
showing  the  caudal  appendage  and  the  large  uncinigerous 
lobes.  Scale  bar  =  25  jum 

B.  Frontal  view  of  the  operculum.  Note  that  some  settling 
paleae  are  still  present  amongst  the  primary  opercular 
paleae  of  the  juvenile's  operculum.  Scale  bar  =  20  urn 


Legend : 

CA  -  Caudal  appendage 

POP  -  Primary  opercular  paleae 

SP  -  Settling  paleae 

UL  -  Uncinigerous  lobe 
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Figure  56:  Juvenile  S.  cementarium ,  38  days  post-settlement 

A.  Ventral  view  of  juvenile.  Note  the  elongation  of  the 
abdominal  segments  and  caudal  appendage  compared  to  the 
18  day  post-settlement  juvenile  in  Figure  53D* 

Scale  bar  =  180  urn 

B.  Enlargement  of  prostomium  of  juvenile  figured  in  A 
showing  the  outer  and  inner  paleae  comprising  the 
operculum.  Arrows  indicate  the  thick  cilia  found  at 
the  corrugations  on  the  tentacles.  Scale  bar  =  40  ;um 


Legend : 

CA  -  Caudal  appendage 

CG  -  Ciliary  groove 

I0P  -  Inner  opercular  paleae 

OOP  -  Outer  opercular  paleae 

OP  -  Operculum 

T  -  Tentacle 

UL  -  Uncinigerous  lobe 
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